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Impact of amino acid nutrition during lactation on subsequent reproductive function of 
primiparous sows 
Daniel Bryan Jones 
Major Professor; Tim S. Stahly 
Iowa State University 
Two experiments were conducted to determine the impact of dietary amino acid 
regimen during lactation on sow lactation performance and subsequent reproductive 
function. Primiparous sows nursing litters of 13 pigs were allocated 6 kg daily of fortified 
corn-soybean meal diets containing high (HP, 1.20% lysine) or low (LP, .34% lysine) 
protein content. Daily dietary intakes of ME, and lysine were 14.2 and 16.1 Meal and 
16.2 and 58.9 g, for LP versus HP sows, respectively. Concentration of dry matter (DM), 
crude protein (CP), and gross energy (GE) in milk was less, and daily litter weight gain 
was less (P < .05) for LP versus HP sows. Lower litter weight gain in LP sows was 
reflective of lower (P < .002) output of milk DM, CP, and GE. The LP sows attempted 
to compensate for their dietary lysine deficiency by mobilizing more body nutrients, 
specifically body proteins. In contrast, HP sows actually accrued body proteins while 
mobilizing body lat to provide energy for milk synthesis. Mean and baseline LH 
concentrations and LH pulses/6 h were lower (P < .01) in LP sows. Differences in mean 
LH concentration and LH pulses between LP and HP sows increased (P < .05) as 
lactation progressed. Divergence of LH secretory patterns between LP and HP sows was 
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established by d 10 of lactation. Plasma concentration of estradiol and ACTH was not 
affected. Weaning-to-estrus interval was extended (P < .05) in LP versus HP sows (14.0 
d versus 6.2 d, respectively). The period of peak estrous activity post-weaning was 
shifted (P< .01) 5 d later for LP sows. Mean LH concentrations on d 5 and 10 were 
correlated (r = -.54 and -.56, respectively, P <.01) with length of weaning-to-estrous 
interval. Mean LH concentration on d 10 was correlated (P < .05) with the magnitude of 
lysine deficiencies relative to demand for milk synthesis on d 0 to 5 and d 5 to 10 (r = -
.39, -.49, respectively). Inadequate dietary amino acids during lactation reduced milk 
nutrient output, increased maternal body tissue mobilization and inhibited LH secretion by 
d 10 post-partum, which resulted in a longer weaning-to-estrous interval. 
ii 
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CHAPTER 1. GENERAL INTRODUCTION 
In general, the goal of producers involved in animal agriculture is to produce as 
many units of saleable product (meat, milk, eggs, etc.) with as few inputs (both physical 
and economic) as possible. In order for swine producers to remain competitive in the 
current swine industry, heavy emphasis should be placed on meeting this goal. To help 
accomplish this goal swine producers should be striving to produce as many marketable 
pigs per sow per year as possible for the lowest cost. Therefore, reproductive efficiency 
of the breeding herd needs to receive a great deal of attention as it represents a large 
expense to a swine operation. 
Perhaps the most common ranking of breeding herd performance is the number of 
pigs weaned/sow/year. Pigs/sow/year does not allow producers to point out specific 
problems in the sow herd because it is a measure affected by several factors. However, it 
can be an indication of problems that need to be studied and corrected. The main fectors 
influencing pigs weaned/sow/year include: 1) stillbirths/litter; 2) live births/litter; 3) pre-
weaning mortality; and 4) litters/sow/year. Of these fectors litters/sow/year accounts for 
50 to 60% of variation in pigs weaned/sow/year (Pigtales, 1989). Therefore, to improve 
breeding herd efficiency, focusing on litters/sow/year and the fectors that control it should 
provide the most return. 
With recent advances in the feeding and care of baby pigs, it is now common to 
wean pigs at ages less than 14 to 21 days. This practice has allowed modest improvements 
in litters/sow/year. However, there are limits to how early sows may be weaned because 
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of problems in getting sows to return to estrus in a timely fashion after short lactations. 
Therefore, pigs are seldom weaned before 14 days of age, and 14-28 day weaning has 
become somewhat of a standard (Britt, 1986; Pigtales, 1989; NPPC, 1991). However, 
recent advances in management schemes, such as segregated early weaning, are causing 
weaning ages to be shifted to less than 14 days. 
Improvements in non-productive sow days offer a large potential increase in 
litters/sow/year. Top herds keep non-productive days around 40 per sow year, but the 
worst herds are over 100 and the average is about 60 (Stein, 1992). If weaning ages are 
shifted to 10 days, sows would have to be bred within 5 days of weaning to keep non­
productive days around 40 days. If this can achieved, it would be possible to get 2.9 
litters/sow/year, which is a significant gain with large economic advantages. Three main 
factors influence non-productive sow days: 1) weaning to first service interval (days); 2) 
farrowing rate, (percentage mated that farrow); and 3) percentage of gilts in the herd, 
(Stein, 1992). Also, sows that have been culled and not yet sent to market represent non­
productive animals and will increase non-productive sow days (Brooks, 1989). The first 
three factors listed above are all influenced by management practices for the herd. 
Improvement on the first two points will automatically reduce the number of gilts needed 
in the herd as replacements for non-cycling weaned sows. This should have a large 
potential payback as gilts tend to have the most subsequent reproductive problems, such as 
increased weaning to service interval and decreased farrowing rate (King and Williams, 
1984). Therefore, it is important to manage first parity sows so as many of those animals 
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stay productive as possible. Dagom and Aumaitere, (1979) have shown that as number of 
parities per sow increases so does the productivity of those sows as measured by pigs 
weaned/sow/year. Three to four parities seems to be optimal for this measure. Also, 
Kroes and Van Male, (1979) have shown that as culling rate increases in the sow herd, 
litters/sow/year decreases. 
Overall, increasing the productivity of the sow herd can be achieved by producing 
the most pigs with the least sows while keeping facilities at maximum capacity. To 
achieve this goal reproductive efficiency must he ntimal. Therefore, research must be 
done on the factors mentioned above if this goal is to be attained. The objective of this 
research was to examine the impact of amino acid nutrition on two areas of reproduction, 
the secretion of luteinizing hormone and number of days-to-estrus postweaning. 
Dissertation Organization 
This dissertation contains two papers that have been prepared in the style 
appropriate for submission to the Journal of Animal Science. The papers are preceded by 
general introduction, literature review and followed by a general summary. The 
references cited in the general introduction, literature review, and general summary are 
listed after the general summary. The research reported herein was conducted by Daniel 
B. Jones under the direction of Dr. Tim S. Stahly. Daniel B. Jones is the principal author 
of the papers and was also responsible for the collection, analysis and interpretation of the 
data. 
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CHAPTER 2. LITERATURE REVIEW 
Endocrinology of the Estrous Cycle 
Endocrinology of lactating and weaned sows has been the subject of several 
extensive reviews (Britt et al, 1985; Varley and Foxcroft, 1990). Thus, a general 
overview of endocrine events occurring in the hypothalamic-pituitary-ovarian axis to 
control expression of estrus after parturition is all that will be discussed. 
Normal endocrine profile 
A "normal" pattern of hormone secretion during the post-partum period is shown in 
Figure 1. This pattern of hormone secretion is similar to that seen in pre-pubertal and 
cycling females, except that the pause for lactation is not noted. Because of the similarity 
of hormonal mechanisms between species, we are able to draw conclusions about 
controlling fectors from many sources. 
Release of gonadotropin releasing hormone (GnRH) from the hypothalamus is the 
primary controller of the ovarian cycle (Kraeling and Barb, 1990; Griffin and Ojeda, 
1988). Factors affecting release of GnRH will be discussed later in this review. GnRH is 
released from neuro-secretory cells in the hypothalamus in a pulsatile fashion and travels 
via the hypothalamic-hypophyseal portal system to the anterior pituitary where it stimulates 
the release of the gonadotrophins, luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) (Esbenshade et al, 1990). The release of LH and FSH also is pulsatile, 
reflecting the pattern of GnRH release, although FSH release is not always stimulated 
because of inhibition by the ovarian hormone inhibin (Varley and Foxcroft, 1990). For 
5 
c 200 
c 150-
m 100 
Estrogen 
Progesterone 
90 e 
14 21 
Day postpartum 
Figure 1. Profiles of the gonadotrophins and ovarian steroids in the post-partum period of 
swine. Adapted from Stevenson et al. (1981) and Varley and Foxcroft, (1990). 
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this reason, it is diflBcult and time consuming to measure these hormones in the blood as a 
single blood sample will not give an accurate picture of hormone characteristics. Sampling 
must be done every 10 to 20 minutes for several hours to get an accurate picture of pulse 
frequency and baseline concentrations. 
FSH is responsible for early follicular recruitment in the ovaries and prepares the 
follicles for secretion of estrogens (Fbxcroft and Hunter, 1985). FSH stimulates 
development of follicles up to 5-6 mm, whereas further maturation of the follicles, 
formation of follicular fluid and production of steroids, requires the additional presence of 
at least small amounts of LH (Britt et al, 1985). Steroidogenesis in the pig ovary follows 
the "two- cell" theory. LH stimulates thecal cells to produce testosterone which is 
transferred to granulosa cells and aromatized to estradiol under the influence of FSH 
(Evans et al, 1981). Inhibin, a peptide hormone released by the follicles, produces 
feedback inhibition at the pituitary to inhibit further FSH release (Trout et al, 1992). 
Therefore, secretion of both LH and FSH is necessary for production of estradiol. 
Progesterone concentrations are high during gestation due to progesterone secretion 
from corpora lutea (Hughes and Varley, 1980). Progesterone concentrations begin to fall 
rapidly immediately before parturition and maintain very low concentnitions during 
lactation (Varley and Foxcroft, 1990). The decline in progesterone concentration occurs 
because of atresia of the corpora lutea as a result of luteolytic stimulus from elevated levels 
of prostaglandin Fj^ (Ash and Heap, 1975). 
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Estradiol-17/S concentrations iall to low levels after parturition and remain low until 
about mid-lactation, at which time they begin to increase gradually (Kirkwood et al., 1984; 
Varley and Foxcroft, 1990). The source of estrogens may be from that stored in adipose 
tissue, Hillbrand and Elsaesser (1983), and released during lipolysis to support milk 
production. This theory fits with the peaking of milk output generally seen towards the 
middle of lactation and the increased tissue (especially adipose) catabolism observed during 
this period to support milk production. Another possible source of estrogens during 
lactation is from stress induced production by the adrenal cortex (Varley and Foxcroft, 
1990). The source of estrogens during lactation is not likely to be from the ovaries as the 
follicles present at this period are small and do not have a high steroidogenic capacity 
(Varley and Foxcroft, 1990). There are 
several conflicting reports in the literature 
which suggest that estrogen levels do not 
rise during lactation but maintain basal 
concentrations (Ash and Heap, 1975; 
Stevenson and Britt, 1980). If adipose is the 
source of estrogen, a possible reason for not 
seeing increased estradiol concentrations in 
these studies may be that significant amounts 
of adipose were not mobilized. Sows used 
Figure 2. Feedback regulation of estradiol 
in the study by Stevenson and Britt (1980) on GNRH and LH release, (adapted from 
Ojeda, 1988). 
Neurotransmitters 
^ GnRH 
AAA AMA 
Anterior Pit. 
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GnRH Neurons 
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were multiparous animals nursing a moderate number of piglets (7). It is likely that the 
these sows were not challenged to supply more nutrients in their milk than they could 
obtain from feed intake. However, data supporting this conclusion were not included in 
those reports. 
Estradiol released into the circulation acts on the hypothalamus and pituitary gland 
to cause an inhibition of GnRH and LH release at several levels (Figure 2). As the 
follicles grow they are able to produce more estradiol as a result of greater cell mass and 
increasing sensitivity to LH (Varley and Foxcroft, 1990). Thus, estradiol concentrations 
in blood continue to increase steadily until a concentration is reached which is stimulatory 
to GnRH neurons and causes rapid pulsing of GnRH release, (Figure 2). This increase in 
GnRH secretion in turn increases LH secretion and the "preovulatory LH surge" occurs. 
This LH surge causes the follicles to rupture (ovulation) approximately 16 hours after its 
onset. The number of follicles that will ultimately develop fully and rupture to release ova 
is a poorly understood process. Many follicles, perhaps twice as many as will ovulate, 
develop to some extent and then become atretic (Britt et al., 1985). The remaining 
follicles that continue to develop are known as dominant follicles. The factors influencing 
their selection are not well understood, but may involve the timing of the development of 
estradiol secreting cells in the follicles (C. R. Youngs, personal communication). 
The follicles that ruptured to release the ova then reorganize into luteal tissue 
(corpora lutea) and begin to secrete progesterone (Killen et al., 1992). Therefore, 
estrogen levels rapidly decline and progesterone levels increase. If the sow does not 
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conceive, luteolysis will occur in 13 to 14 days, and after a 3 to 6 day follicular phase, 
ovulation occurs and the cycle begins over again (Hafez, 1987). 
After parturition, a neuroendocrine reflex, triggered by suckling, is thought to be 
the major inhibitor of LH secretion in swine (Varley and Foxcroft, 1990). There is a 
gradual escape from suckling inhibition as lactation progresses because of decreased 
suckling intensity, and LH pulsatility returns (Stevenson et al, 1981; Stevenson and Britt, 
1980). After weaning, number of LH pulses and mean LH concentrations increase rapidly 
and remain elevated until the preovulatory LH surge (Mullan and Close, 1989; King and 
Martin, 1989; Edwards and Foxcroft, 1983). 
Anestnis pathology 
Kirkwood et al. (1984) did not see a difference in plasma steroid hormone 
concentrations between sows that were anestnis post-weaning versus normal sows. 
However, Almond and Dial (1990) found that in sows known to be anestnis for 45 d or 
longer the normal rise in LH and estrogen secretion does not occur. Therefore, estrogen 
levels do not reach high enough concentrations to elicit positive feedback on the 
hypothalamic-pituitary unit. It has also been shown that sows destined to be anestnis 
following weaning have lower mean LH concentrations and reduced LH pulsatility during 
early- to mid-lactation (Tokach, 1992). 
The hypothalamic-hypophyseal-ovarian axis is functional in sows that become 
anestrus post-weaning. Follicular growth and ovulation can be induced in anestrous 
animals (Britt et al, 1985; Armstrong and Britt, 1987; Dial et al, 1984; Cox et al, 1983) 
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and in prepubertal gilts (Lutz et al., 1985) with injections of GnRH . Also, fertile estrus 
can be induced during lactation by pulsatile injections of GnRH (Ramirez et al, 1985; Cox 
and Britt, 1982). Therefore, it seems that it is the release of GnRH from the hypothalamus 
that limits the expression of estrous activity. If this is the case, research on the factors that 
control GnRH secretion needs to be pursued. Research reported to date on factors 
controlling GnRH release will be discussed in a later section. 
Factors Controlling Reproduction 
The mechanism by which an animal apprises itself of its state of well being and 
then modulates reproduction is not readily apparent and is highly sought after. The 
common theme overall is that when females are stressed, nutritionally or physically, 
reproduction is impaired. Following is a discussion of some of the factors implicated as 
mediators of the reproductive axis. The following section will be presented in two main 
sections; 1) nutritional factors; and 2) hormonal factors; as they relate to control of LH 
secretion and retum-to-estrus. 
Nutritional factors 
Understanding the nutritional factors that affect reproductive performance is a goal 
of many researchers. Several recent reviews have been written on the connection between 
nutrition and reproduction in swine (Cole 1990; Booth, 1990; King, 1987), ruminants 
(Schillo, 1992; Dunn and Moss, 1992; Ferguson and Chalupa, 1989; Short and Adams, 
1988), primates (Steiner, 1987), and across species (I'Anson, 1991). The focus in this 
review will be on the lactating sow. 
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Body composition. Many attempts have been made to relate body composition to 
reproductive function both in animals and humans. A theory put forth in human research 
by Frisch and McAurthur (1974) suggests that there is a minimum body weight and degree 
of fatness needed for the attainment of menarche and sustainment of menstrual cycles in 
women. This concept has been applied to swine to create a model of nutritionally induced 
anestrus by several researchers. Several avenues of reasoning have been pursued to this 
end. 
Yang et al. (1989) contend that weaning-to-estrous interval can be predicted by an 
equation (26.6 - 1.28 * P2) using only P2 backfet thickness (mm) at weaning. However, 
this equation does not allow for normally cycling sows with more than 20 mm of backfet 
or anestrous sows and the equation has large standard errors associated with the 
coeflScients. Johnston et al. (1989) and Knudson (1990) found no relation between backfet 
depth and return to estrous interval. However, these same workers found that 
metabolizable energy intake during gestetion and lactation was more highly related to 
subsequent reproduction than was body composition. It has also been demonstrated that 
animals of similar body composition (degree of fatness) but receiving different feed intakes 
have divergent reproductive patterns that can only be explained by the animals' relative 
metabolic state (Booth, 1990; Foxcroft, 1990). Britt et al. (1988) demonstrated changes in 
nutrition that cause acute effects on reproduction without significant changes in body 
weight and fetness. While body composition can often be correlated with reproduction it 
should be thought of as a secondary fector. Body reserves act as a buffer for circulating 
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metabolite pools and, therefore, influence metabolite and hormone levels by taking up or 
releasing nutrients via blood perfusing the tissues. Therefore, it seems that body 
composition alone can not account for the problems in reproductive function in 
nutritionally stressed animals and other factors must be considered. 
Energy and protein. Because of the increased nutrient needs caused by increasing 
litter size on modem sow genotypes, it is becoming more of a challenge to supply adequate 
amounts of energy and protein to meet the needs for milk synthesis. This problem is 
compounded because of low voluntary feed intakes in sows from these leaner genetic 
strains. Also, first parity gilts seem to have this problem enhanced because they are bred 
before they have reached mature body size. Therefore, a deficiency of nutrients in 
lactation will take away from their own maternal needs for tissue accretion. When energy, 
or protein is limiting during lactation, first parity gilts have increased weaning to estrous 
intervals (King and Williams, 1984; King and Dunkin, 1986; Brendemuhl et al. 1987; 
Reese et al. 1982). Armstrong and Britt (1987) reported that restriction of energy to gilts 
caused a cessation of estrous cycles, and this effect was mediated at the hypothalamic level 
as evident by reduced GnRH release. Louis et al. (1992), working with boars, found that 
energy and protein also effect reproductive function in males. Boars fed low energy and 
low protein displayed reduced libido and reduced semen volume. As reported in the work 
of Brendemuhl et al. 1987) sows fed diets high in energy and low in protein during 
lactation had lower serum T4 and urea throughout the lactation period. These data suggest 
that sows were breaking down body protein and using the amino acids for milk production 
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and that doing this may have led to a hypothyroid condition. In these same experiments 
there was a strong effect of low protein diets on increasing the interval to return to estrus 
post-weaning. Nelssen et al. (1984) have also noted lower T4 levels for sows during 
lactation and during the postweaning period as a result of nutritional insult. King (1987) 
has reviewed the bulk of the recent research dealing with nutrition and reproduction and 
concluded that, although there is evidence that both low energy and low protein intake lead 
to aberrations in reproductive performance, depletion of body protein, not fat, was the 
primary nutritional factor responsible. 
The influence of dietary energy and protein intake on reproductive function is 
likely mediated by blood-bom metabolites and hormones (Booth, 1990). Metabolites that 
have been implicated in mediating metabolic activity include glucose, amino acids and free 
fetty acids (FFA). 
The central nervous system is heavily dependant on glucose for both energy and 
production of neurotransmitters. Therefore, glucose has been the subject of a great deal of 
research on the control of reproduction. Normoglycemia is maintained within a narrow 
range under the influence of insulin and glucagon. In response to festing in pigs, plasma 
glucose and insulin fell and FFAs rise during the first 24 hours of festing (Wangsness et 
al. 1981), and then remain constant during the next several days (Machlin et al. 1968). 
Even under prolonged starvation, plasma glucose levels do not fell more than 20% below 
pre-festing levels because of hepatic glycogenolysis and gluconeogenesis (Owen, 1969). 
Also, while the CNS remains dependant on glucose for its energy supply during festing. 
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the rest of the body can spare glucose by using ketone bodies for fuel (Voet and Voet, 
1990). Therefore, it seems that if glucose is a mediator of reproductive activity its eflFects 
would be acute rather than chronic in nature. Indeed, it has been demonstrated ihat acute 
aberrations in energy status or blood glucose have strong effects on the hypothalamic-
pituitary-ovarian axis. McClure (1967) demonstrated in mice that hypoglycemia induced 
by fasting or insulin treatment, or administration of 2-deoxyglucose (2DG), a drug that 
decreases intracellular glucose utilization, reduced estrous activity and ovulation. These 
disturbances had their origins outside the ovaries because administration of hCG , a LH 
analog, prevented their effects. Similarly, injection of 2DG before or during estrus in 
cyclic heifers prevented estrus and corpora lutea formation (McClure et al. 1978) and 2DG 
infusions in sheep delayed the estradiol induced LH surge, but not the response to 
exogenous GnRH (Crump et al, 1982). Schneider and Wade (1989) blocked both fatty 
acid oxidation and glycolysis in Syrain hamsters and observed that when both pathways 
were blocked estrus was inhibited, but if one or the other was undisturbed estrous cycles 
continued. These data suggest that availability of metabolic fuels is important if 
reproductive functions such as estrus and ovulation are to proceed, but do not give insight 
into the mechanisms by which these phenomena act. 
The effects of protein metabolism on reproduction may be more subtle than those of 
carbohydrates. Because protein may be used for either protein synthesis or oxidized as 
fuel, it is difficult to determine whether an effect is actually caused by a specific protein 
aberration. However, the mechanisms that regulate protein metabolism in the body can be 
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envisaged as more long term acting in nature. Fbr example, amino acids do not begin to 
be oxidized for fuel until appreciable amounts of hepatic glycogen are used up, and amino 
acids are used to replenish glycogen reserves long after the energy status of the animal is 
corrected (Allison, 1964). This implies that amino acids play a special role in regulating 
metabolic status, and liver and muscle tissue play a central role in this process. 
The liver takes up absorbed amino acids from hepatic portal blood and synthesizes 
large quantities of protein post-prandially. This hepatic synthesis of protein keeps the 
concentration of amino acids in the peripheral circulation from rising to any significant 
degree post-prandially (Rerat et al., 1988). Increases of amino acid nitrogen of as little as 
20% have been reported in humans fed a "high-protein" meal (Frame, 1958). A possible 
exception to this scenario is when there is a amino acid imbalance in the diet which does 
not allow efficient protein synthesis in the liver. In this case, the amino acids in excess of 
synthetic capacity "spill" over into the peripheral circulation. 
Another possible way for the concentration of amino acids to become elevated is 
during a lasted state. In this case, the amino acid nitrogen originates from tissue such as 
muscle and enters the peripheral circulation before passing through the liver. Of the amino 
acids that become elevated in the fasted state, the branched chain amino acids (BCAAs) are 
the most noted. This class of amino acids becomes elevated because the liver lacks the 
enzyme branched chain amino acid aminotransferase and, therefore, cannot deaminate 
them. The nitrogen from BCAAs is transferred to pyruvate or a-ketoglutarate, in muscle, 
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to form alanine or glutamine wfiich can then be oxidized in the liver or other visceral 
organs (Voet and Voet, 1990). 
When rats are fed an amino acid imbalanced diet, they will reduce their intake of 
that diet dramatically within 3 hours (Gietzen et al. 1987; Hammer et al. 1990). These 
changes in feeding behavior are accompanied by a decrease of the most limiting amino 
acid in plasma and an increase of the amino acids causing the imbalance. Associated with 
these phenomena are increases in the activity of the hypothalamic-pituitary-adrenal axis 
and serotonergic pathways in the brain (Gietzen et al. 1987; Hammer et al. 1990). The 
adrenal axis is also activated in chickens (Carsia et al. 1988), and pigs (Durbin and Heard, 
1962) experiencing protein malnutrition and in humans with anorexia nervosa (Kaye et al. 
1987). Components of the adrenal axis are implicated in modulating reproduction and thus 
there are reasons to believe protein malnutrition may be associated with reproductive 
failure. 
Still another hypothesis for the effect of protein deficiency on metabolic regulation 
relates to the amino flux in the body. Figure 3. gives a simplified view of this principle. 
This simplistic presentation of whole-body amino acid metabolism suggests that there are 
branching points in the turnover of protein that lead to side pathways that are 
physiologically important. Thus, the high flux component of this scheme, that associated 
with formation and degradation of body proteins, would allow changes in the pathways that 
branch out of the free pool. Thus, the changing concentrations of the various amino acids 
in the free pool may mediate the ability to adapt to changes in nutrient needs and supply 
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(Young and Marchini, 1990). Indeed, it 
has been reported that entrance of amino 
acids into the brain is affected by the ratio 
of amino acids in the blood (ftrdridge, 
1983). Many amino acids compete for the 
same transport proteins into the brain, and 
if the ratio of one amino acid to another is 
out of balance the amino acid with the 
lower concentration is transported at a 
reduced rate. This concept has direct 
emphasis on the metabolism of tyrosine, as " I. ^hole-body amino acid Hux (adapted from Young and Marchmi, 1990) 
the enzymes that convert tyrosine into 
dopamine and norepinephrine are substrate limited (Pardridge, 1983). This means that if 
tyrosine transport into the brain is limited, so is the production of monoamines. Several 
researchers have applied this concept in vivo with mixed results. Hall et al. (1992), 
working with nutritionally growth restricted lambs, reported that supplemental tyrosine 
infusion increased LH pulse number. These same researchers noted an increase in tyrosine 
concentrations in the hypothalamus with increased tyrosine levels in the blood and 
hypothesized that monoamine synthesis was increased. Similar studies have been 
conducted with female swine with varied results. Hammerl and Russe (1987) reported a 
31% increase in litter size in sows dosed with tyrosine at weaning. However, Rozeboom 
TISSUE 
PROTEINS 
PEPTIDES, 
POLYPEPTIDES 
, ^ m. DIETARY 
i I  I 1 PROTEIN 
FREE AMINO 
ACID POOL 
l-'C ' Serine 
Purines • 
Monaamines 
Creatinine ' 
Tuarine »-
Serotonin, 
Nicotinic Add" 
Glutamine — 
- Glycine 
Methionine — 
•»" Phenylalanine 
-• Tyrosine — 
Lysine — 
- Arginine 
Histidine — 
Cysteine 
> Purines 
• SAM 
Thyroid 
• Hormones 
• Carnitine 
Aspartate -
-Tryptophan 
> Histamine 
^Pyriminidines, 
Purines 
18 
et al. (1991) and Rettmer et al. (1991) were unable to show an effect of tyrosine on 
reproductive function. Hammerl and Muller (1988) stress that the timing of tyrosine 
administration is important if an effect is to be observed. It seems more prudent to 
consider the current state of amino acid flux in the timing of this type of treatment because 
the concentrations of competing amino acids ultimately determine uptake into the brain. 
Perhaps the critical point to consider is whether the animal can adapt to changing 
nutrient demands in the body or must accommodate changing nutrient needs. As summed 
up by Young and Marchini (1990), adaptation is the process that permits an animal to 
respond to dietary change without adverse consequences. Therefore, the adapted state is 
that in which long term steady state is achieved while the function of concern is 
maintained. This does not require that all body functions remain unaffected, rather it 
involves a choice between maintaining some functions and changing others, much as is the 
case during lactation. However, the animal may have to undergo accommodation in order 
to preserve itself. In this case changes fevor survival of the individual but simultaneously 
result in significant losses in some important functions. One could envisage both of these 
processes occurring during lactation depending on the degree of nutritional insult. 
Hormonal factors affecting GnRH release 
Reducing release of GnRH from the hypothalamus seems to be one of the adaptive 
measures that a sow undergoes during lactation. The ability to reproduce is suspended for 
a time during lactation so that the animal can channel nutrients into milk production. 
However, if the level of production is high and the animal is not able to consume adequate 
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nutrients to meet these demands, body tissue are mobilized to support milk production. In 
this case the animal may be accommodating to support milk production because return to 
estrus is often delayed beyond acceptable limits, the sow has given up one function totally 
to support her general well-being. The challenge lies in stopping the progression from 
adaptation to accommodation so that reproduction is maintained and sows remain 
productive. 
A host of factors are implicated in the control of GnRH release. Because of the 
location of GnRH neurons in the arcuate nucleus of the hypothalamus it is thought that 
regulation must be by hormonal signalling, as transport of substances into the brain is 
limited by membrane permeability. Following is a summary of the hormonal factors 
thought at present to interact with the hypothalamic-pituitary-gonadal axis. 
Insulin. Because of the central role that insulin is known to play in nutrient 
metabolism and partitioning, it has received a great deal of attention as a possible mediator 
of the reproductive axis. Insulin is known to fecilitate the uptake of amino acids and 
glucose into peripheral tissues, such as muscle and adipose, and to stimulate fet and muscle 
synthesis. Its concentration in the blood is increased when these compounds are increased, 
post-prandially for example. However, glucose and amino acid transport into brain and 
liver is not insulin dependant, and the brain therefore is free of regulation on the uptake of 
its primary fuel source. Brain uptake of glucose is dependant on the concentration of 
glucose in the blood. In humans, concentration of glucose intracellularly does not become 
limiting to brain cell function until the blood concentration gets below approximately 50 
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mg/lOOml (Pardridge, 1983). Also, brain uptake of amino acids is not insulin dependant, 
the main factor controlling amino acid supply to the brain is the ratio and concentration of 
amino acids in the plasma (I^dridge, 1983). Therefore, insulin may play a role in 
regulation of reproduction at the brain level by altering the supply of substrates present in 
the plasma rather than their uptake. 
In vivo and in vitro actions of insulin on the hypothalamic-pituitary axis and the 
ovaries have been documented in several species. However, the majority of the effects 
observed are not due directly to the enhancement of nutrient uptake. Britt et al. (1988) 
reviewed the role of insulin on reproduction in gilts. The major conclusions from this 
review were that insulin increases LH pulse frequency, estrogen content of follicular fluid 
and ovulation rate. However, Johnston et al. (1989) injected insulin into nutritionally-
induced anestrous sows and found a delay in the rate of return to estrus. Hypoglycemia 
induced by the insulin injection may have been the reason for the negative response. 
Tokach et al. (1992) monitored insulin levels during lactation in sows that were nutrient 
restricted and found a correlation between insulin concentration and LH release. 
Restricted sows had lower insulin and reduced LH release. He concluded that alterations 
in LH profiles can be detected as early d 14 of lactation and these alterations are associated 
with insulin levels during lactation. However, this same researcher, in a second study 
infused glucose into energy restricted lactating sows and did not observe an effect on LH 
release but did record increased insulin levels during the infusion. Armstrong et al. (1986) 
have reported that insulin concentration in lactating sows was not altered by nutrient 
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restriction. Cox et al. (1989) injected insulin into the cerebral ventricles and observed an 
increase LH secretion. They concluded that the insulin had accelerated the GnRH pulse 
generator but the mechanisn; was not readily apparent. 
These studies imply that insulin is involved in some aspect of the regulation of the 
reproductive axis, but do not implicate a specific role. Rather, it seems that insulin plays 
more of a permissive or secondary role as its concentration in the blood is based on 
concentrations of blood-bom metabolites. 
Adrenal axis. All components of the adrenal axis (CRF, ACJTH, and 
glucocorticoids) have been implicated to date in some level of regulation of the 
reproductive axis (Mobeig, 1991, Rivier and Rivest, 1991). The adrenal axis is known to 
be activated by a number of stressors ranging from immobilization to disease challenges to 
nutritional insult. The adrenal axis responds to difiFerent stressors by first releasing 
corticotropin releasing factor (CRF) from the hypothalamus which in turn stimulates 
ACTH release from the pituitary. ACTH released into the blood then acts on the adrenal 
glands to increase production and release of glucocorticoid hormones. Besides the typical 
sequence of events described above, there are many reports of the individual hormones of 
the adrenal axis having effects on reproduction. Because the release of GnRH is the fector 
thought to be responsible for aberrations in reproductive function post-weaning and in the 
nutritionally deprived state this portion of my discussion will focus on effects of the 
adrenal axis directly on GnRH release. 
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Several groups of researchers have recently demonstrated that CRF has strong 
inhibitory actions on reproductive activity. Sirinathsinghji et al. (1983) were the first to 
demonstrate that centrally delivered CRF was a potent inhibitor of sexual receptivity in 
female rats. Since that time it has been shown that central administration of CRF 
decreases LH release in rats in vivo (Rivier and Vale, 1984; Ono et al., 1984; Petraglia et 
al., 1987; Nikolarakis et al., 1988; Kooy et al., 1990), from rat hypothalamic tissue in 
vitro (Nikolarakis et al., 1986; Nikolarakis et al., 1988) and in rhesus monkeys in vivo 
(Olster and Ferin, 1987). Moreover, when the CRF receptor antagonist, a-helical CRF, is 
given before CRF injection, LH release is not affected (Nikolarakis et al., 1988). 
However, the mechanisms by which CRF influences GnRH release are not fully 
understood and are likely to involve activation of other pathways such as those dependant 
on the opiodergic (Petraglia et al., 1987) and catecholaminergic (Rivier and Rivest, 1991) 
pathways. Furthermore, there seems to be direct inhibition of the GnRH neurons by CRF 
as adrenalectomy and catacholamineigic and endogenous opioid antagonists do not 
influence the response in all situations (Rivier and Vale, 1984). The data of Nikolarakis et 
al. (1988) also suggest that the activity of opiodergic and GnRH neurons may be under 
tonic control by endogenous CRF. It has been shown in rats that CRF neurons are 
localized in areas of the brain directly adjacent to GnRH neurons (Uryu et al., 1992) and 
have direct synaptic connections with certain populations of these neurons (MacLusky et 
al., 1988). In sheep, however, central administration of CRF was associated with 
increased LH release (N^ylor et al., 1990), a direct contrast to what has been observed in 
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rats and monkeys. However, sheep are seasonal breeders and this may have afifected the 
response in this study. 
As mentioned previously, CRF increases the secretion of ACTH and 
glucocorticoids, both of which have been shown to effect LH release and function. Plasma 
glucocorticoids generally increase during general nutritional restriction (Dubey et al. 1986; 
Mobarak et al., 1990). However, Britt et al. (1988) found no long term increase in 
Cortisol levels in energy restricted gilts. Although, it is possible that the type of energy 
substrate and/or severity of nutritional restriction controls the adrenal response. Protein 
malnutrition causes an elevation of Cortisol but decreased levels of ACTH in domestic fowl 
(Carsia et. al., 1988). An increased sensitivity to ACTH in this study was responsible for 
the incongruity seen between ACTH and Cortisol. Protein-calorie malnutrition has been 
associated with increased urinary corticosteroid secretion in pigs (Durbin and Heard, 1962) 
and elevated plasma Cortisol in humans (Lunn et al., 1973). Glucocorticoids can act 
directly on the pituitary cells to reduce secretion of LH in rats (Moberg, 1987). This 
action of glucocorticoids is thought to act by blocking the ability of GnRH to stimulate LH 
release and is only effective on the initial GnRH challenge as subsequent injections of 
GnRH do stimulate LH release. However, only prolonged exposure to glucocorticoids has 
been shown to affect basal LH secretion (Suter, 1985) and prolonged elevation of 
glucocorticoids is uncommon because of feedback mechanisms. 
In the rat, glucocorticoids seems to prevent estrogen from sensitizing the pituitary 
gonadotrophs to GnRH, thus preventing the LH surge (Baldwin, 1979; Kamel and 
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Kubajak, 1987). Li (1987) has reported similar actions of Cortisol on porcine pituitary 
cells in vitro. This response would explain why glucocorticoids do not seem to have an 
effect on basal LH secretion. However, in sheep, pre-treated with a source of 
glucocorticoids, estrogen was still able to stimulate an LH surge (Moberg, 1981) 
suggesting that there may be species differences in this mechanism. 
ACTH is frequently used in studies to stimulate glucocorticoid release, but may 
have its own effects on the reproductive axis. In cows, ACTH can alter LH release as 
well as lower the basal concentration of LH but coitisol only blocks the preovulatory surge 
(Moberg, 1981). This action of ACTH may be due to stimulation of the adrenal to 
produce other hormones such as progesterone and testosterone. The physiological 
significance of a direct ACTH action on the pituitary remains unclear because ACTH 
released as result of exogenous CRF administration has not been shown to alter LH release 
(Moberg, 1987). 
Endogenous opioids. The endogenous opioid peptides (EOP) are highly implicated 
in the regulation of GnRH release. Endorphins, enkephalins and dynorphins are three 
families of EOP formed from the post-translational processing of their respective precursor 
proteins: proopiomelanocortin (POMC), proenkephalin and prodynorphin (Barb et al., 
1991). POMC gives rise to B-endorphin while met-enkephalin and leu-enkephalin are 
produced from proenkephalin. B-endorphin is part of the same pro-hormone molecule, 
POMC, as ACTH, and is the EOP that is most heavily implicated in modulation of LH 
secretion. CRF stimulates the release and synthesis of EOP and they are released under 
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many of the same circumstances as ACTH but the adrenal axis need not be activated for 
the EOP to be a factor. Anatomical evidence from studies in pigs (Kineman et al., 1989) 
indicate that POMC containing neurons are located in the arcuate nucleus and median 
eminence which places them in close anatomical proximity with GnRH secreting neurons. 
In a recent review by Barb et al. (1991), evidence was presented that implicated 
EOP regulation of LH and prolactin release in pigs, cows, and sheep. EOP and their 
respective receptor antagonist generally influence LH, FSH and prolactin secretion under 
appropriate conditions in all species studied to date (Kraeling and Barb, 1990). The effects 
of EOP seem to depend on the steroid hormone milieu that is present at the time. Direct 
interaction of estradiol-17j8 with j8-endorphin has been demonstrated in the rat and sheep 
by Kerdelhue et al. (1988). These authors provided evidence that increasing estradiol 
inhibits the release of j8-endorphin and thereby allows the preovulatory surge of GnRH to 
occur. Furthermore, GnRH is able to release j8-endorphin from the pituitary, thereby 
inhibiting its own release. The evidence presented by these authors showed that /3-
endorphin concentrations in the arcuate nucleus, median eminence and median preoptic 
area were high during the part of the estrous cycle when LH was the lowest and that /3-
endorphin levels decreased markedly in these areas immediately prior to initiation of the 
LH surge. Sirinathsinghji et al. (1983) demonstrated in female rats that central 
administration of j8-endorphin promptly abolished sexual activity and that exogenous 
GnRH inhibited this response completely. This response provides evidence that jS-
endorphin is directly involved in GnRH release. 
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The actions of EOP seem to be different when animals are under different 
production situations. Barb et al. (1986) reported that administration of naloxone (an 
opiate receptor antagonist) caused an increase in plasma LH concentration in sows nursing 
litters but had no effect once the sows were weaned. These data indicate that EOP are 
involved in the suckling induced increase in prolactin secretion in lactating sows. 
Prolactin, released during suckling stimulus, is thought to be the cause of lactational 
anestrous in sows. However, there is also an EOP mediated inhibition of LH in pigs that 
is dependant on the steroid hormone milieu present (Barb et al., 1991). In sheep, which 
have a seasonal estrous cycle characterized by a lack of cyclicity in the summer months, 
EOP may be the fector that inhibits LH release. Ssewannyana et al. (1989) measured 
ACTH, Cortisol and ^-endorphin concentrations in the plasma of ewes throughout the year 
and observed a cycle in which all of these hormones were elevated during the summer 
months. The elevations of diese hormones in the summer months corresponds well with 
the seasonal anestrous typically seen in sheep. 
There also is evidence in the fasted animal that EOP inhibit LH release. Dyer et al. 
(1985) lasted rats for 120 h and observed a decrease in LH concentration and pulsatility as 
a result. However, when fasted rats were pretreated with naloxone circulating LH 
concentration and pulsatility was not different from control rats. These workers concluded 
that fasting caused increased secretion of EOP. Armstrong and Britt, 1987 reported 
conflicting results from naloxone treatment of nutritionally induced anestrous gilts. In one 
experiment with anestrous gilts, a single injection of naloxone did not change LH release 
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over a 3-hour period. However, when these same researchers administered naloxone over 
a 5-hour period to a second group of gilts, LH pulsatility returned in two of six gilts. It 
may be that timing of the antagonism is important or that sampling was not carried out 
long enough after naloxone administration. It is not likely that the increased EOP in the 
fasted ' imal inhibits LH secretion by way of stimulating prolactin. Prolactin 
concentrations are reduced during underfeeding in rats (Campbell et al., 1977) and steers 
(Beeby and Swan, 1979). 
It is clear from the evidence just presented that EOP are involved in the control of 
the reproductive axis. However, much remains to be learned about EOP modulation under 
the myriad of conditions known to influence reproduction. 
Prolactin. Prolactin is thought to be one of the hormonal factors regulating GnRH 
release. Prolactin increases the activity of dopaminergic neurons in specific areas of the 
brain (Griflan and Ojeda, 1988) thereby inhibiting its own release. It is thought that this 
activation of dopaminergic neurons also inhibits GnRH release during lactation when 
prolactin levels are high. High prolactin secretion has also been shown to activate the 
adrenal axis by stimulating CRF secreting neurons (Kooy et al., 1990). In this study a 
prolactin secreting tumor was implanted in male rats and then hypophysial portal blood and 
hypothalamic CRF was measured. Hypothalamic CRF was elevated as well as dopamine. 
However, prolactin has been measured throughout lactation and in the post-weaning period 
in sows and it has not been found to be associated with low LH secretion post-weaning 
(Edwards and Foxcroft, 1983; Stevenson et al., 1981; Shaw and Foxcroft, 1985). These 
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researchers found that circulating levels of prolactin decreased rapidly upon removal of 
suckling stimulus at weaning and this decrease did not result in increased LH secretion. 
Therefore, some factor other than prolactin is responsible for delay in return to estrus post-
weaning. 
Ovarian steroids. Because of the interacting roles of estradiol and progesterone in 
the control of hypothalamic GnRH release they must be considered together. Estrogen is 
generally implicated as the main steroid hormone that influences the secretion of GnRH 
and LH. Estrogen is known to impose a period of positive feedback regulation as well as a 
period of negative feedback regulation on GnRH release (Hafez, 1987; Griffin and Ojeda, 
1988). Figure 4 represents a general scheme of how estrogen and progesterone interact to 
effect LH release and pulsatility. During the luteal phase of the ovarian cycle, 
progesterone and estrogen act synergistically on LH release. During this period pulses are 
infrequent but have a large amplitude. After luteolysis, progesterone levels decrease 
which leads to an increase in LH pulse frequency but a decrease in pulse amplitude. These 
more frequent pulses stimulate the ovary to produce more estradiol which initially causes a 
decrease in LH release due to negative feedback on the tonic GnRH release centers in the 
hypothalamus, but, when estradiol reaches a threshold concentration it evokes positive 
feedback on LH release by stimulation of GnRH release from the pre-ovulatory surge 
centers in the hypothalamus. During this period of positive feedback LH pulses become 
very rapid and have a large amplitude. This is the preovulatory surge that induces 
ovulation. 
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Figure 4. Schematic representation of the major changes in LH secretion and pulses of LH 
during the estrous cycle. Upper figure shows overall pattern of LH and steroid secretion 
during the estrous cycle. Lower figures show changes in the pulsitility of LH secretion, 
(adapted from Theiry and Martin, 1990). 
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Estrogen's control on GnRH and LH is expressed at both the hypothalamic and 
pituitary level. The mechanisms that interact in order to increase or decrease estrogens 
control on GnRH are very complex and involve the interaction of progesterone (Counis et 
al., 1988) and other steroid hormones. At the hypothalamic level there are several ways in 
which estrogen has been proposed to control GnRH release. Firstly, estrogen has been 
reported to modulate B-endorphin concentrations and thereby effect GnRH release by 
lowering EOP concentrations (Kerdelhue et al., 1988; Fink, 1988). Secondly, estrogen 
can affect synthesis of GnRH in the GnRH neurons themselves (Karsch, 1987). Thirdly, it 
has been reported that estrogen effects GnRH release by acting to suppress activity of 
adrenergic and dopaminergic neurons that synapse with GnRH neurons (Karsch, 1987; 
Fink, 1988). 
At the pituitary level, estrogen increases the number of GnRH receptors by about 
two fold, thus making the pituitary cells more sensitive to GnRH (Gregg and Nett, 1989). 
This increase in receptor number is dependant on both the timing and the dose of estradiol 
and involves stimulation of mRNA transcription and protein synthesis (Gregg et al., 1990). 
This mechanism is especially important in initiation of the LH surge. Also, estrogen and 
progesterone are known to effect the synthesis of LH and FSH in the pituitary 
gonadotrophs (Counis et al., 1988). 
Excitatory amino acids. The excitatory amino acids aspartate and glutamate have 
potent analogs (kainic acid, N-methyl aspartic acid (NMA) and homocysteic acid) that 
have been shown to increase LH concentrations in the blood. In rodents (Price et al., 
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1978), demonstrated that all three of these analogs were efiFective in increasing LH but 
high dosages were toxic to GnRH neurons. NMA has been used successfully in monkeys 
(Claypool and Terasawa, 1989), and growth restricted lambs (Ebling et al., 1990) to 
increase LH. In contrast to these reports, Derochers et al. (1991), reported that NMA did 
not increase mean LH concentrations in cyclic gilts pretreated with estradiol and depressed 
LH in the presence of progesterone. In a similar study, Barb et al. (1991) reported that 
NMA was a potent secretagogue of prolactin and growth hormone and that ovarian steroids 
modulate this response. Perhaps the increased prolactin levels from the NMA injection 
prohibited increases in LH in their previous study. 
While reports of nutritional factors that may affect the concentration of glutamate 
and aspartate at the brain level are not readily available in the literature several hypotheses 
may be put forward. First, the plasma concentration of glutamate and aspartate could be 
increased by tissue protein catabolism in response to inadequate protein intake. This could 
in turn afiFect the transport of these amino acids into the brain. However, transport kinetic 
studies have shown the transport rate of these amino acids into the brain to be extremely 
low (I^dridge, 1983). The brain readily synthesizes these amino acids from other 
precursors and it has been hypothesized that the acidic amino acid transporter actually 
functions to facilitate eflflux of these amino acids from the brain. Pardridge (1988) 
reported that the net efflux of glutamate was 20-fold greater than the net influx. Perhaps 
this is a protective mechanism for the brain because it is known that high concentrations of 
these amino acids are toxic to the tissues of the circumventricular organs of the brain, this 
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area includes the hypothalamus (Price et al., 1978). Secondly, the concentration of 
substrate compounds for glutamate and aspartate synthesis may be reduced in under 
nutrition. Specifically, the BCAA which are known to be highly metabolized by the brain 
and which contribute carbon skeletons and N to the substrate pool (Piardridge, 1988). 
Suckling inhibition 
The frequency of suckling is high during the first two days of lactation (around 6 
sucklings per hour during the first six hours following parturition) and then declines 
quickly and remains nearly unchanged at one suckling per hour from day 3 to more than 
10 weeks post-partum (Salmon Legagneur, 1956; Jensen and Rec6n, 1989). By the end of 
day 3, piglets massage the udder prior to and after milk let-down (Gill and Thomson, 
1956; Jensen and Rec6n, 1989). The average duration of the initial massage is about one 
minute, whereas that of the final massage decreases from 3-4 to 1-2 minutes between the 
first and third week of lactation. Both massaging of the udder and the physical presence 
(odor and grunting of piglets) of the piglets have been implicated in activation of suckling 
inhibition. 
Transient removal of the piglets for 6 or 8 hours results in a concurrent increase in 
LH pulsatility (Mattioli et al, 1988; Armstrong et al, 1988a,b). Prevention of suckling 
with piglets remaining in the vicinity of the sow, induces less marked changes in LH 
concentrations than complete removal of piglets (Mattioli, 1988). There is now evidence 
that this suckling related suppression of LH release is mediated by endogenous opioid 
peptides acting at the hypothalamic level to suppress GnRH release. During most of 
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lactation, but not after weaning, injection of an opioid antagonist (naloxone) induces an 
increase in LH concentrations (Barb et al, 1986; Sesti and Britt, 1993). Infusion of 
naloxone results in higher frequency of LH pulses as soon as 4 to 10 days post-partum 
(Sesti and Britt, 1994; Armstrong et al, 1988a; De Rensis et al, 1993b). However, in 
early lactation (24 to 48 hours post-partum) naloxone injection has no influence on LH 
secretion suggesting that there is a latency period for the opioid mechanism to be 
established (Sesti and Britt, 1994; De Rensis et al, 1993a) and the development of the 
inhibition is not related to chronic suppression of LH release due to steroid or other 
hormonal effects from gestation (De Rensis et al, 1993a). Furthermore, the opiodeigic 
suppression does not reduce the amount of the stored and readily releasable pools of GnRH 
and LH. Rather, it simply inhibits the release of the hormones (Sesti and Britt, 1994). 
During the second and third weeks of lactation, the decrease in udder massage after milk 
let-down could result in a lesser stimulation of opiodergic neurons which may explain the 
rise in baseline LH concentrations that is typically seen during this period. 
The influence of endogenous opioids on FSH release appears to be non-existent as 
FSH concentrations do not fell during lactation and are unaffected by naloxone treatment 
(Sesti and Britt, 1994; De Rensis et al, 1993b). 
Nutrient Needs of Lactating Sows 
Nutrient needs to support lactation are largely determined by the maintenance needs 
of the sow and the amount of milk that is being produced. Maintenance needs are a 
relatively small part of the total needs and are mainly influenced by body size and 
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composition. Amount of milk produced is largely determined by litter size (Elsley, 1971; 
King et al, 1989) and to a lesser extent the genetic makeup of the sow (Sauber, 1994). 
Therefore, the needs for energy and protein are determined by the amount and composition 
of the milk secreted and the body weight of the sow. 
Sow milk composition 
Milk is a complex solution composed primarily of water, lipids, proteins, 
carbohydrates, minerals (Tkble 1). Each of these classes of constituents , except water, 
can be further divided into various specific compounds. The quantity of each constituent is 
rather constant, but may be subject to variation based on the conditions under which the 
animal is lactating (Jenness, 1985). 
Milk contains two major classes of proteins based on their solubility at pH 4.6. 
The proteins that precipitate are defined as caseins while those that stay in solution are 
defined as whey proteins (Jenness, 1985). These two major classes of proteins are made 
up of several different proteins. The casein proteins consist of a-, 0-, and /c-caseins and 
the whey proteins consist primarily of a-lactalbumin, jS-lactoglobulin, and serum albumin 
(Oftedal, 1984). Also present in milk are numerous peptides, growth factors, 
immunoglobulins, amino acids, etc. (Oftedal, 1984). The casein and whey proteins have 
various metabolic functions in the offspring including: 1) amino acid nutriture, 2) 
regulation of gastric emptying, 3) immuno-modulation, and 4) tissue growth regulation 
(Sadler, 1992; Yamauchi, 1993). 
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Tkble 1. Composition of sow's milk. 
Proximate analysis (%)* 
Ibtal solids 18.8 
Fat (ether extract) 6.8 
Ibtal protein (% N x 6.38) 4.8 
Lactose 5.5 
Gross energy (Mcal/kg)*" 1.2 
Amino acids (g/16g N)" 
Arginine 4.9 
Histidine 3.0 
Isoleucine 4.1 
Leucine 8.6 
Lysine 7.5 
Methionine + cystine 3.4 
Phenylalanine + tyrosine 8.4 
Threonine 4.4 
Tryptophan 1.3 
Valine 5.5 
Non-protein nitrogen (% of total nitrogen)'' 15.7 
Minerals (ppm)" 
Calcium 2382 
Phosphorus 1806 
Magnesium 149 
Potassium 941 
Sodium 577 
Manganese .35 
Iron 5.0 
Zinc 6.9 
rnpppr LS. 
'Jenness and Sloan, 1970. 
"Nobletetal., 1988. 
" Pettigrew, 1993. 
Perrin, 1955. 
" Coffey et al., 1982. 
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The lipids presents in milk are primarily triglycerides (Oftedal, 1984). These 
triglycerides are kept in emulsion by their association in micelles with mono- and 
diglycerides, phospholipids, sterols, and free fetty acids (Jenness, 1974). The lipid 
fraction also carries the fat soluble vitamins A, D, E, and K as components of the micelle. 
Carbohydrate is present primarily as lactose with much smaller amounts of 
monosaccharides and protein-bound sugar residues (Oftedal, 1984). 
Total protein and lactose content of milk are not heavily influenced by the nutriture 
of the dam (Noblet and Etienne, 1986). However, lipid content of the milk is influenced 
by the energy status and dietary energy intake of the dam. Increasing dietary fat intake 
causes a subsequent elevation of the lipid content in milk (Schoenherr et al., 1989), the 
composition of the lipid reflecting that of the diet. On the other hand, if sows are not fed 
adequate energy they will mobilize body fat which will subsequently increase the lipid 
content of the milk (O'Grady et al., 1973; Noblet and Etienne, 1986), the composition of 
which reflects that of body lipid. These increases in lipid content of the milk thus impact 
the dry matter, and gross energy content of the milk, and ultimately, composition of piglet 
weight gain is changed (Noblet and Etienne, 1987a; Klaver et al., 1981). 
Energy needs 
Because of the high total energy needs for the sum of maintenance and milk 
production, voluntary food intake is often insufficient to meet the sows energy needs 
during lactation. Thus sows will mobilize body reserves of fat and protein to fulfill their 
energy deficit. However, milk production in sows is not adversely influenced by energy 
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intake unless the amount of body energy reserves at farrowing is low (Noblet and Etienne, 
1986; Sauber, 1994). 
Maintenance requirements. Maintenance energy needs of sows during lactation is 
about 110 kcal ME per kilogram BW-^^ (Barlacu et al., 1983; Noblet and Etienne, 1987b). 
Because sows are fed at high levels in lactation the thermic effect of food is higher and 
thus the lower critical temperature is probably below 15°C (Noblet et al., 1990). In most 
sow fiarrowing environments the ambient temperature is kept above the lower critical 
temperature, thus there is not a thermoregulatory need for energy. Also, because sows are 
generally crated and activity is very minimal during lactation, energy needs for locomotion 
are negligible. 
Milk production. Energy needs for milk production are directly related to the 
amount of milk being produced, which largely is determined by litter size (King, 1989; 
Elsley, 1971). For example, the data of Toner et al. (1991) demonstrate that in first litter 
sows with litter sizes of 6, 7, 8 and 10 pigs that milk production averages about .90 kg per 
piglet per day. 
Also , one must account for the efficiencies of converting dietary ME and body 
tissue ME in to milk energy. Estimates of converting dietary ME into milk energy range 
from 68 to 79%, with the average being 12% (Burlacu et al., 1983; Verstegen et al., 1985; 
Noblet and Etienne, 1987). Efficiency of converting body reserves into milk energy is 
approximately 88% (Noblet and Etienne, 1987). This high efficiency for use of body 
reserves relates to the composition of the tissues being utilized for energy. Most of the 
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tissue loss associated with an energy deficit normally is adipose tissue, the fetty acids 
liberated are incorporated into milk fet with minimal energy expenditure in biochemical 
transformations. Efficiency of energy incorporation into tissue gain in gestation averages 
75 to 80 % and efficiency of transforming tissue (fet) energy stores into milk energy 
during lactation averages 88%. Therefore, the overall efficiency of using stored energy 
for milk production is about 71 % (Noblet et al., 1990). 
Therefore, a 160 kg sow nursing a litter of 10 piglets would require approximately 
20.3 Meal ME daily. This figure is arrived at by summing maintenance (110 kcal x 
BW^^) and milk energy output ([10 piglets x .90 kg milk/pig x 1.2 Meal ME/kg milk] / 
.71 efficiency ME use), lb get this amount of ME from a typical com-soy diet (3.21 
Meal ME/kg) a sow would need to consume about 6.3 kg of feed daily. This amount of 
daily feed intake is often difficult to achieve and thus sows will mobilize significant 
amounts of body energy during lactation which will have to be replaced in the subsequent 
gestation cycle. 
Amino acid needs 
Two recent reviews, Pettigrew (1993) and Speer (1990) have been published 
summarizing the amino acid needs of lactating sows. In general, amino acids are required 
for maintenance functions and for milk production. Sows not having attained mature body 
weight will also have amino acid needs for maternal body accretion. However, due to 
typically low feed intakes in first parity sows maternal body protein accretion is typically 
minimal, if present at all. 
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Maintenance needs. Maintenance needs for amino acids represent the amounts of 
each amino acid needed to replace obligatory losses associated with the continuous 
sloughing of cells and losses of nitrogen from amino acid degradation. Therefore, the 
maintenance needs are generally expressed as a amount per kg There are currently 
two data sets available that estimate maintenance amino acid needs of pigs (Tkble 2). The 
data of Fuller et al. (1989) were collected from growing pigs, whereas the data of Baker et 
al. (1966 a,b,c and 1970) were collected from mature gilts. Both sets of estimates were 
derived using nitrogen balance technique which may cause underestimation of the 
requirements due to overestimation of nitrogen retention. However, the method of Fuller 
et al. (1989) made use of urinary catheters to minimize errors in urine collection and thus 
underestimation of the maintenance requirements. Estimates from Baker et al. assume 1 g 
nitrogen retention/day to represent zero nitrogen balance and thus supposedly minimize the 
problem of underestimation. When compared with literature values from rats (Owens et 
al., 1985) the estimates of Fuller et al. (1989) seem to be the most correct. 
Milk production. Amino acid needs for milk production are determined by the 
amount of milk produced by the sow. Estimating the true amino acid needs of lactating 
sows is hampered tremendously by the ability of the sow to buffer shortages of dietary 
amino acids by mobilization of labile body protein. The true protein or amino acid 
requirements should be represented by the amount of protein or amino acid needed to 
achieve zero maternal nitrogen balance. However, there is currently no study in the 
literature that has determined the amino acid requirements for lactation in this manner. 
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Tcible 2. Maintenance amino acid requirements of pigs, mg/kg 
Amino Acid Fuller et al. ('1989) Baker et al.* 
Ai]ginine 0 0 
Histidine - 0 
Isoleucine 16 30 
Leucine 23 20 
Lysine 39 25 
Methionine + cystine 49 26 
Phenylalanine + tyrosine 37 -
Threonine 53 39 
Tryptophan 11 5 
Valine 20 21 
'Baker et al., 1966a,b,c and 1970. 
The empirical estimates from the literature are quite variable in factors such as litter sizes 
length of lactation, milk yields, and body tissue losses. Because lysine is typically the first 
limiting amino acid in com-soy based diets the bulk of the estimates in the literature are 
for lysine. Estimates of the lysine requirement for lactating sows range from 20 g/day 
(Boomgaardt et al., 1972) to about 54 g/day (Johnston et al., 1991). Pettigrew (1993) 
summarized lysine requirements based on the litter growth rate that was achieved and 
derived the following regression equation to estimate lysine requirements. 
Lysine (g/day) = -6.71 + [.026 x litter growth rate (g/day)] 
R2=.77, S.E. = 6.43. 
However, the negative intercept indicates that mobilization of maternal protein 
reserves was occurring in these studies and thus the estimate will not reflect the true lysine 
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requirement. An estimate of the partial efficiency of dietary lysine use for lysine 
deposition in body protein of the suckling pigs can be derived from the slope of line if 
nitrogen and lysine content of pig weight gain is known. Assuming pig weight gain is 
16% protein (Pettigrew, 1993) which is 6.5% lysine. Then the partial efficiency is (0.16 x 
0.065)/0.026=0.40. 
Estimates of the other essential amino acid requirements can then be estimated 
based on the ratio of those amino acids to lysine in the "ideal protein". Generally, this is 
accomplished by assuming that amino acids will be needed in ratio to lysine that they are 
in milk protein and then adding the maintenance requirement to that amount (ARC, 1981; 
Speer, 1990; Pettigrew, 1993). This clearly means that the estimate of the lysine 
requirement must be as correct as possible and makes the assumption that the true ratio of 
amino acids needed reflects that of milk protein. The second assumption is tenuous at 
best due to a lack of studies that have attempted to derive an ideal pattern of amino acids 
for lactation. One case in point is that of arginine and the branched chain amino acids 
which are known to be taken up by the mammary gland in excess of their concentration in 
milk protein (Mepham, 1982). Richert et al. (1994) have shown the need for valine may 
be as high as 110% of lysine for optimal milk production while the valine to lysine ratio in 
milk is only 73%. Clearly there is a need for more research on the amino acids needs for 
lactation. 
Efficiency of use of digested amino acids from diet for milk production has been 
estimated to be 65% (Whittemore and Morgan, 1990), whereas, amino acids from 
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maternal tissue are estimated to be used with much higher efficiency, approximately 80 to 
85% (ARC, 1981). When an efficiency of depositing amino acids into maternal tissue of 
70% (ARC, 1981) is accounted for, the overall efficiency of depositing amino acids in 
tissue and then removing them for milk synthesis during lactation is about 56%. The 
efficiency of amino acid use will therefore be dependent on the source of the amino acids , 
diet or maternal tissue, and also the level of milk production needs relative to maintenance 
amino acid requirements. Amino acids used for maintenance are assumed to be used at 
very high efficiency (ARC, 1981). 
Estimation of milk and milk nutrient output 
Accurately measuring milk output is central to arriving at the amounts of nutrients 
needed by the animal for optimal lactation performance. Several methods have been 
employed to this end which include: 1) litter weight gain, 2) weigh-suckle-weigh, and 3) 
stable isotope dilution. 
Utter weight gain. Using litter growth rate as a predictor of milk output has 
obvious advantages over other methods. Firstly, it is not as labor intensive as other 
methods. Secondly, it is the only method which is really applicable in a commercial 
setting. Thirdly, it produces the least disturbance to the sow and litters natural behavior 
patterns. However, this method has met with limited success in estimating the actual milk 
output due to several problems, the biggest of which is related to milk nutrient 
composition. The composition of piglet weight gain, and thus the amount of weight gain, 
is related to milk composition (Noblet and Etienne, 1987). Pigs consuming milks of 
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higher fat content deposit more fat in their body relative to protein than pigs consuming 
milks of lower fat content. Estimates of the ratio of milk intake to weight gain have 
ranged finom 3.7 (Noblet and Etienne, 1987) to 4 (Whittemore and Morgan, 1990) with 
the correlation between litter weight gain and milk output typically being low (R^=.34) 
(Lewis et al., 1978). 
Noblet and Etienne (1989) have developed regression equations for the estimation 
of sow milk DM, N, and ME outputs. Their technique is an improvement over simply 
predicting milk output because it accounts for differences in milk composition which affect 
weight gain. Using their method they were able to explain 87 to 90 % of the variation in 
milk nutrient output by piglet weight gain during successive periods of lactation. 
Weigh-suckie-weigh. This technique involves weighing the litter before and after 
suckling bouts with the difference being the amount of milk intake. Several problems in 
use of this technique include: 1) accounting for loss of urine and feces, 2) evaporative 
losses, 3) selecting a nursing interval that is appropriate, and 4) the extreme labor 
requirement. Readers are referred to Noblet and Etienne (1989) for the most recent 
revision of this technique. 
Isotope dilution. In this method several piglets in the litter are infused with a 
known amount of DjO or ^HjO. A blood sample is taken after the tracer is equilibrated 
with body water (approximately 2 h). The piglets then are put back with the litcer and 
allowed to suckle the sow normally for 3 to 4 days. After this time period, a second blood 
sample is collected and the concentration of isotope in both samples is determined. Milk 
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intake by the piglets is then the assumed to be the amount of dilution that occurred from 
start to finish after correction for metabolic water input. This method seems to be more 
accurate than the other techniques discussed previously for determining the amount of fluid 
milk output (Rudolph et al., 1984; Shoenherr et al., 1989). However, the composition of 
the milk excreted still must be determined if milk nutrient output is to be determined 
accurately. 
This method is subject to several sources of error: 1) piglets must not have access 
to water other than milk intake, 2) isotope must be precisely measured and dispensed into 
the piglets, and 3) analysis of isotope concentration must be both accurate and precise. 
Assessing the Dynamics of Ussue Loss During Lactation 
In order to effectively evaluate the eflFects of different levels of nutrient intakes 
during lactation on milk production and subsequent sow reproductive function, techniques 
must be developed to assess the types and amounts of tissue accreted or catabolized by the 
sow. Following is an overview of methods that have used to assess body composition. 
Whole body composition 
A comprehensive review of methods to measure body composition changes at 
various stage of maturity has been presented by Shields (1991). A scheme summarizing 
these techniques is presented in Figure 5. Methods are separated into two groups based on 
whether they are performed on the carcass or on the live animal. The standard procedure 
against which all others are compared to validate their eflFectiveness is the physical 
dissection of the carcass into muscle, iat, bone, and skin. Because this method requires 
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Figure 5 Body composition measurement techniques. Adapted from Sheilds (1991) 
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the disposal of the animal it is not only costly but it does not allow measurement over time 
on the same animal. 
Therefore, methods to indirectly measure body composition in the live animal have 
been highly sought after and developed. These methods can be grouped into three 
categories based on the type of measurements that are employed; 1) whole body (°K, 
specific gravity, total-body water, etc.), 2) a sample related to whole body (backfet. 
Magnetic Resonance Imaging, longissimus muscle area, etc.), and 3) blood metabolites or 
incorporation of tracers into body tissues (creatinine excretion, etc). Application of any 
one method is dependant on the practicality of that method in a given circumstance which 
is determined by the expense, accuracy and precision that can be expected. Based on these 
criteria, the indirect method that generally is most fevorable is the determination of body 
water space (Sheilds, 1991). 
Because of the constant relationship maintained between body water and body 
protein and ash (Simon, 1989; Knudson, 1990), body composition can be determined using 
regression equations that relate the amount of body water to these components. 
Compounds that have been used to measure total body water space include, DjO, ^HjO, 
urea, thiourea, antipyrine, ''^K, and others (Knudson, 1990). In order for a substance to be 
effective as a tracer it should 1) distribute completely and uniformly in body water space, 
2) have slow elimination from body, 3) be resistant to metabolism, 4) provide ease of use 
and accurate measurement, 5) be non-toxic and 6) be low cost (Ferrell and Cornelius, 
1984). Deuterium oxide is the preferred tracer when these points are considered. 
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lb date, DjO dilution has been used successfully in all stages of pig maturity; 
suckling pigs (Rudolph et al., 1988), growing pigs (Shields et al., 1983; Ferrell and 
Cornelius, 1984;) and in gestating and lactating sows (Sheilds et al., 1984; Knudson, 
1990). The method has allowed development of relationships between D^O space and 
body water with high and low residual standard deviations. However, this method 
generally results in DjO space being 8 to 15 % larger than body water space. The reason 
or reasons for this discrepancy are not completely clear but are probably related to 1) 
water lost in preparing the body for chemical analysis of water and 2) errors in analysis of 
the final D2O concentrations 
in the blood samples. Also, 
prediction of body 
composition on animals of 
different genetic lines than 
those which the regression 
equations were developed 
often times results in errors in 
prediction that are 
unacceptable if body weight is 
a component of the equations 
(Ferrell and Cornelius, 1984). 
To date no researcher has 
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developed a set of equations that encompasses all stages of maturity and accounts for 
genetic variation of the animals. 
Proteinaceous tissue dynamics 
Proteins are fundamental components of all cellular structures. The proteins that 
make up an organism are in a constant state of turnover, with the rates of turnover in the 
various tissue beds ranging from fast (G.I. tract) to slow (skeletal muscle). Balance 
between the processes of protein synthesis and degradation determine the amount of 
protein deposited or lost from the whole body or from specific tissues (Simon, 1989). 
Protein content of the whole body of animals averages from 15 to 18% of body weight 
(Riis, 1983). Protein concentration of the fat free carcass is about 21% with little variation 
around this value (Eggum, 1989). The distribution of body proteins is shown in Figure 6. 
As shown in Figure 6 the largest pool of protein in the body is that associated with muscle 
protein, approximately 50% of total body protein. The proteins in muscle are divided into 
three groups; 1) myofibrillar or contractile proteins, 2) sarcoplasmic proteins, and 3) 
stromal or membrane proteins. Because of the importance of muscle as meat, the 
processes that govern its deposition and contributions to nutrient use and partitioning are 
highly sought after. In the case of lactation, muscle protein may provide a readily 
releasable pool of amino acids that could be used to buffer dietary amino acid shortages. 
This does seem to be the case because sows have been shown to lose lai^e amounts of 
muscle mass over the course of lactation (Sauber, 1994). However, the comparative 
slaughter techniques employed to date have not allowed the dynamics of protein loss to be 
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evaluated on the same animals at several time points during the lactation period. In order 
to better understand these concepts we must study the processes of protein synthesis and 
degradation to discover how nutrients are partitioned to diflFerent functions. 
Qjuantittiting protein synthesis. Protein synthesis is usually measured using radio-
labelled amino acids (Simon, 1989). An amino acid (leucine is commonly used) is infused 
to a steady state plateau at which point the entry and exit of radioactivity from the free 
amino acid pool is equal. The animal is then sacrificed and tissue samples obtained and 
the specific activity of the infused amino acid in the protein bound and free pool 
determined. Rate of protein synthesis may then be calculated according to equations given 
by Garlick, Mill ward and James (1973). 
A second method of measuring protein synthesis is based on infusion of a bolus 
dose of radio-labeled phenylalanine contained in a large (lOx) dose of unlabeled 
phenylalanine, hence the name "flooding dose" Garlick (1980). This causes the specific 
activity of the free pool of amino acids in the intracellular space to rise to that of plasma 
very quickly while the fell in free amino acid specific activity is small and linear over a 10 
minute period post-infusion. The animal is then sacrificed within 10 minutes and tissue 
samples collected and processed as in the previous method. 
Qjuantitating protein degradation. Estimation of protein degradation in vivo is a 
problem that still has not been totally resolved. The problem centers around the re-
utilization of amino acids for synthesis of new tissue (Simon, 1989). The most common 
method that has been used to date is the analysis of decay curves after pulse labelling with 
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an amino acid. Half life of the isolated proteins or protein fractions can then be estimated 
assuming that no re-utilization of amino acids occurs (Garlick et al., 1976). However, 
isotope recycling does occur and, therefore, half lives measured in this way are too long 
(Dallman and Manies, 1973). This has generally left calculation of protein degradation to 
the difference method described above. 
For skeletal muscle, however, rate of protein degradation can be measured by 
studying the rate of urinary 3-methylhistidine (3MH) excretion. Approximately 90% of 
3MH occurs in muscle tissue with minor amounts found in G.I. tract and skin (Haverberg 
et al., 1975). This unique amino acid is formed by post translational methylation of 
histidine residues in the myofibrillar proteins actin and myosin. Once histidine is modified 
in this way and the protein it is contained in is degraded the 3MH is quantitatively excreted 
from the body, in most species, because it cannot recharge tRNA (Asatoor and Armstrong, 
1967; Young et al., 1972; Harris et al., 1977). Pigs, however, retain 3MH in muscle as a 
peptide (balenine) and urinary excretion will not describe its release from muscle (Harris 
and Milne, 1981). Recently, this problem has been overcome by a procedure that allows 
calculation of the de novo production rate of 3MH from analysis of the kinetics of 3MH 
metabolism after a bolus infusion of labeled 3MH (Rathmacher et al., 1992a). This 
method has since been used to measure the rate of myofibrillar protein breakdown in 
cattle, sheep, humans, dogs (Rathmacher et al., 1992b, 1992c, 1995a, 1995b, respectively) 
and in pigs (Rathmacher et al., 1995c; van den Hemel-Grooten et al., 1995). It is 
recognized that this method does not measure the degradation of all muscle proteins, 
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sarcoplasmic proteins seem to turnover more rapidly than myofibrillar proteins (Buttery et 
al., 1975). Also, the contribution of different tissue pools to total 3MH production is an 
area of controversy. Because tissues other than skeletal muscle contain actin and myosin 
the amount of 3MH they will contribute will be a function of their turnover rate 
(Nishizawa et al., 1977; Millward et al., 1980; Bates and Millward, 1981). Despite these 
problems, this method has been accepted as a valid estimation of muscle breakdown rate. 
Using estimates of protein synthesis and total accretion rate, the rate of protein 
degradation also can be obtained using the equation: breakdown = synthesis - accretion. 
However, this method of estimating degradation has problems in that synthesis is measured 
over a very short time period (minutes) while accretion is measured over longer time 
periods (days). Thus, the degradation rate is often over- or under-estimated. 
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CHAPTER 3. IMPACT OF AMINO ACID NUTRITION DURING LACTATION ON 
MILK NUTRIENT OUTPUT AND BODY TISSUE LOSS IN PRIMIPAROUS SOWS 
A paper to be submitted to the Journal of Animal Science 
D.B. Jones and T.S. Stahly 
Abstract 
The impact of amino acid nutrition during lactation on milk nutrient output and 
body tissue loss in primiparous sows was evaluated. Thirty-six sows, nursing litters of 13 
pigs, were allocated daily 6 kg of a fortified corn-soybean meal diet containing a high (HP, 
1.20% lysine) or low (LP, .34% lysine) protein content during a 23-day lactation. Dietary 
lysine concentration was achieved by altering the ratio of com and soybean meal in the 
diet. Sows averaged 130 ± 1.7 kg BW and 21.9 ± .8 mm average backfat at breeding 
and 170 ± 1.4 kg BW and 20.0 ± .7 mm backfet at d 110 of gestation. Sow BW, backfat 
thickness, and litter weight on d 0, and litter size (average 12.7 pigs) on d 23 of lactation 
was similar (P > .10) between LP and HP treatment groups. The LP sows consumed less 
(P < .11) daily ME (14.2 versus 16.1 Meal) and less (P < .01) daily lysine (16.2 versus 
58.9 g) than HP sows. The LP sows produced milk with lower (P < .05) concentration of 
DM, CP (N X 6.38), and GE than HP sows. Daily litter weight gain also was less (P < 
.01) for sows fed the LP versus HP diet and the differences increased (P < .01) as 
lactation progressed. The lower litter weight gain for the LP sows was reflective of lower 
(P < .01) estimated milk DM, CP, and GE output of these sows. The LP sows lost more 
(P < .02) body weight (1.27 versus .30 kg/d) during the 23-d lactation. In the LP sows 
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59% of weight loss was protein, water, and ash and 37% was fet. Weight loss in the HP 
sows was entirely accounted for by body fet loss in that these sows actually accrued body 
protein, water, and ash. Muscle myofibrillar breakdown rate was higher (P < .01) in LP 
sows than HP sows (4.05 versus 2.80 %/d). Based on these data dietary amino acid 
restriction during lactation reduces milk nutrient output and increases maternal body tissue 
mobilization. Maternal protein loss is maintained over the entire lactation even though 
milk output is decreased. 
Key words: Sows, lactation, amino acids, body composition 
Introduction 
Adequacy of sows' nutritional regimen is critical to preservation of sow 
productivity by allowing sufficient milk production for pig survival and growth while 
maintaining the sows subsequent reproductive function. Nutrient needs of the lactating 
sow are largely determined by demand for milk production created by her suckling litter. 
Sows seem to have the ability to mobilize sufficient energy from body tissue stores to 
support lactation (King and Williams, 1984; King and Dunkin, 1986; Noblet and Etienne, 
1989), unless the sows have low body fat stores such as in extremely lean genetic strains 
(Sauber, 1995) or in extremely undernourished animals (Klaver et al., 1981). The effect 
of dietary amino acid regimen on lactational and subsequent reproductive performance is 
much less clear. In sows receiving inadequate amino acid intakes, body weight loss is 
substantial, litter weight gain is reduced, and subsequent reproductive function is 
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compromised (King and Williams, 1984; King and Dunkin, 1986). However, the 
composition of the mobilized sow tissue and of the milk produced when sows are fed 
amino acid deficient diets has not been adequately defined. 
The objective of this study was to determine the impact of dietary amino acid 
regimen on milk nutrient output and maternal tissue nutrient mobilization in primiparous 
sows nursing large (13 pig) litters. 
Materials and Methods 
Six trials, each utilizing 6 primiparous Yorkshire x Landrace sows from a single 
genetic strain and site of origin, were conducted. Sows were individually-penned in 
gestation stalls within a curtain-sided building. Estrus was synchronized by feeding a daily 
oral dose of 11 mg altrenogest (Regu-Mate®, Hoechst Roussel Agri-Vet, Somerville, NJ) 
for 14 d. Sows were then bred within a 5-day period by hand-mating to Hampshire x 
Duroc boars. Breeding period was timed to coincide with the mating of other sows in the 
herd so additional pigs would be available to standardize litter size of experimental sows to 
13 pigs within 8 h of parturition. Sows selected for use in this study were at least 190 ± 
10 d at breeding and had a minimum of 13 functional teats. At time of breeding, sows 
averaged 130 ± 1.7 kg and 21.9 ± .8 mm average backdRat. 
From breeding to parturition, sows received daily 1.8 kg of a corn-soybean meal 
diet fortified to provide 110% of daily amino acid and ME intakes estimated to be required 
by gestating sows (NRC, 1988). Vitamins and minerals were provided at a minimum of 
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175% of the estimated daily requirements for gestating sows (NRC, 1988). Sows were 
fed individually and their body weight and backfet thickness (average thickness over the 
first and last rib, and last lumbar vertebrae, measured ultrasonically 5 cm off midline with 
a Renco Lean-Meater, Renco Manufecturing, Mpls, MN) were monitored at 2-week 
intervals throughout gestation. Daily ME intake of individual sows were adjusted as 
needed, by increasing or decreasing ME intake while keeping other nutrient intakes 
constant, to achieve similar body weight and average backfet thickness among sows at time 
of ferrowing. At 60 and 110 d of gestation sows averaged respectively, 151 + 1.5 and 
170 ± 1.4 kg BW and 22 + .8 and 20 ± .7 mm backfet. 
Between 107 to 112 d of gestation, jugular catheters (Tygon micro-bore tubing, 
.030 ID X .090 OD, medical grade) were inserted surgically into each animal to fecilitate 
blood sampling during the lactation period. Catheters were pre-heparinized and gas 
sterilized prior to insertion and were filled with a sterile saline solution containing 10 lU 
heparin/ml and 1.5% benzyl alcohol between sampling periods. Method of insertion was 
as described previously (Ford and Maurer, 1978), with the exception that the animals were 
anesthetized with ketamine:xylazine 1:1 (250:250 mg/animal) given IV via an ear vein. 
After this procedure animals were allowed to recover fully from the anesthesia and were 
placed immediately into individual ferrowing stalls within a temperature controlled 
building maintained at 22.8 + .1 "C. 
Sows were blocked on BW and then randomly assigned to one of two dietary 
treatment groups, either a high (HP, 1.2% lysine) or low (LP, .34% lysine) protein diet 
56 
(Tkble 1). Feeding of the experimental diets began within 8 h of the completion of 
parturition. The HP and LP diets were formulated to provide 100% and 30% of the 
estimated lysine needs of a 165 kg sow nursing a litter of 13 pigs. Diets were formulated 
on the basis of lysine being the first limiting amino acid with other amino acids being a 
minimum of 110% greater than the suggested "ideal" ratio of each amino acid relative to 
lysine (ARC, 1981; NRC,1988) for lactating sows. Diets were based on com and soybean 
meal and lysine concentrations in the diet were achieved by altering the ratio of 
com;soybean meal. Estimated lysine requirements were derived fectorially based on the 
sows needs for maintenance and milk production. A daily dietary lysine requirement of 
.039 g/kg for maintenance was assumed as suggested by Fuller et al. (1989). 
Amount of lysine needed for milk synthesis was based on milk containing 5.0% (Speer, 
1990) protein in which the concentration of lysine is 7.5% of the protein (ARC, 1981). 
Each pig in the litter was assumed to cause an increase in milk production of .96 kg/d 
(Stahly et al, 1992; King et al, 1989). The digestibility of dietary lysine and the 
efficiency of use of digested lysine for milk synthesis was assumed to be 86% and 80%, 
respectively (Speer, 1990; Mullan et al., 1989). On this basis, a sow weighing 165 kg and 
nursing 13 pigs was estimated to require 71 g of total lysine daily for milk production if no 
mobilization of maternal protein stores occurred. 
Maintenance energy need was assumed to be 110 Kcal ME/kg (NRC, 1988). 
Energy needs for milk energy production were estimated assuming milk contains 1.1 Meal 
GE/kg and an efficiency, above maintenance, of 72% for conversion of dietary ME for 
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milk production (Mullan et al., 1989). Vitamins and minerals were provided at a 
minimum of 250% of the estimated daily requirements of the 165 kg lactating sow (NRC, 
1988), 
Sows were allocated 6 kg of feed daily which was provided in three equal aliquots 
at 0700, 1200, and 1700 h. Wasted and refused feed was collected daily. Sows were 
allowed to consume water ad libitum from a nipple drinker. 
Litter size was standardized to 13 pigs within 8 hours post-ferrowing to stimulate a 
high level of milk production and thus nutrient demand in the sows. This litter size was 
maintained by replacement of any pigs that died up to 3 days post-ferrowing, after which 
no additional pigs were added to litters. 
Sow body weight, sow backfet thicknesses (measured as described previously), and 
individual piglet weights were recorded within 8 h of parturition (d 0) and on days 5, 10, 
15, 20, and at weaning (d 23 ± 1 postpartum). Day 0 was the day after ferrowing was 
completed, and sows that had not ferrowed by 1800 h were included in the next days 
f e r r o w i n g  g r o u p .  D a y  5 ,  1 0 ,  1 5 ,  a n d  2 0  a c t u a l l y  r e p r e s e n t e d  d a y s  5 ± 1 , 1 0 ± 1 , 1 5 ±  
1, and 20 ± 1 d postpartum. If a piglet died during the course of lactation, the time of 
death was recorded so that litter growth and milk nutrient outputs for the immediate and 
following stages of lactation could be adjusted accordingly. Sow feed consumption was 
recorded for days 0 to 5, 5 to 10, 10 to 15, 15 to 20, and 20 to 23 of lactation. 
Milk nutrient output. Sow milk nutrient outputs were determined for each 5-d 
period from d 0 to d 20 based on litter weight gain using the regression equations of 
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Noblet and Etienne (1989) that describe milk dry matter (DMl), energy (El), and nitrogen 
(Nl) output of sows during a 21-day lactation. The equations were derived on sows of 
similar breed and feeding level, and growth rates of the piglets on those sows were of a 
similar magnitude to those in this study. The specific equations used were: 
DML(g/d) = .72 X ADG (g) - 7; 
El (kcal/d) = 4.92 x ADG (g) - 90; 
Nl (g/d) = .0257 X ADG (g) + .42. 
Milk samples were obtained from each sow on d 5, 10, 15, and 20 postpartum to 
evaluate DM, CP, and GE concentration in the milk. Samples were collected by infusing 
the sow with 10 lU of oxytocin via the jugular catheter and then manually milking the third 
and fourth anterior mammary glands on one side of the sow dry. Milk samples were 
immediately frozen at -20°C until lyophilized and analyzed for DM, CP, and GE. Dry 
matter, CP, and GE were determined by procedures outlined by AOAC (1990). Crude 
protein was estimated using a conversion fector of 6.38 x N content. 
Sow body composition. Sow body composition was estimated on d 0 and d 20 
postpartum using DjO dilution methodology to measure total body DjO space (Knudson, 
1990). Briefly, salinized DjO (.2 g/kg) was infused into each sow via the jugular 
catheter. After a 2-h equilibration period a blood sample (10 ml) was drawn. Blood was 
then sublimated and the resulting HjOrDjO mixture was analyzed by infrared spectrometry 
to determine the DjO concentration (Byers, 1979). Prediction equations relating total body 
D2O space and empty body weight (EBWT) to empty body protein (EBP), fet (EBF), water 
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(EBW) and ash (EBA) were used to estimate body composition (Knudson, 1990). These 
equations were derived using sows of a similar genetic strain and stage of maturity to those 
in this study. The specific equations used were: 
EBP (kg) = [.307 X D2O space (kg)] + [-.030 x EBWT (kg)] - .371; 
EBF (kg) = [-.929 x D^O space (kg)] + [.760 x EBWT (kg)] -I- 7.283; 
EBW (kg) = [.618 X D2O space (kg)] -I- [.177 x EBWT (kg)] - 2.520. 
EBA (kg) = [.064 X DjO space (kg)] -f- [ -.001 x EBWT (kg)] - .587; 
Empty body weight was estimated using the equation: 
EBWT (kg) = [.967 x BW (kg)] + 1.25, (Knudson, 1990). 
3-methylhistidine production. Muscle myofibrillar protein breakdown was 
determined by studying the kinetics of 3-methylhistidine (3MH) metabolism on d 0, 10, 
and 20 postpartum, using the method of Rathmacher et al. (1995). Briefly, each sow was 
infused with a bolus dose (.1371 mg/kg BW) of d3-3MH in 15 ml of sterile saline via the 
jugular catheter, and the catheter flushed with 10 ml sterile saline. This infusion was 
followed by serial blood sampling (10 ml samples) at 2, 4, 8, 15, 45, 75, 150, 270, 510, 
1020, 1740, 3900 minutes post-infusion to measure the stable isotope disappearance in 
plasma. Each sample tube contained 15 mg EDTA as the anticoagulant. Additional 
plasma samples were collected before the infusion of the d3-3MH to correct for 
background enrichment in the sow plasma. Blood samples were centrifuged at 1500 x g 
for 20 min, the plasma harvested and stored at -20 °C for later analysis of dj-SMH and 
60 
3MH by gas chromatography/mass spectrometry (GC/MS) using the method of 
Rathmacher et al. (1992). 
Calculation of fractional breakdown and synthesis rates. The de novo production 
rate of 3MH (^mol/d) was calculated as described by Rathmacher et al. (1992). The 
fractional breakdown (FBR) was calculated by the following equation: FBR (%/d) = 
(3MH production rate (/xmol/d) -i- total protein bound 3MH pool in muscle (/xmol)) x 
100 . Ibtal protein bound 3MH pool was calculated on the basis that 3MH content of pig 
skeletal muscle is 3.8742 /xmol/g of muscle protein (Rathmacher et al., 1995). Total 
muscle protein was assumed to represent 50% of empty body protein (Simon, 1989). It 
was assumed that body protein mobilization or accretion was constant throughout lactation. 
Fractional synthesis rate was estimated indirectly by the difference between fractional 
accretion rate (FAR) and FBR (Millward et al., 1975). Therefore, FAR (%/d) — 
[Amuscle CP (g) -i- number days on test] h- {[d 0 muscle CP (g) + d 20 muscle CP (g)] 
-T- 2} X 100. The average FBR between d 0 and 10, and between d 10 and 20 was the FBR 
used in the above equation. 
Statistical analysis. Data were analyzed by analysis of variance techniques for a 
randomized complete block design using the GLM procedure of SAS (1988). Responses 
over time were analyzed as repeated measures (Steel and Torrie, 1980). Sow and/or litter 
was considered the experimental unit and effects included in the model were: trial, rep, 
diet, and period. Trial was tested using the rep(trial) MS as the error term. Diet was 
tested using the trial x diet MS as the error term. And, period and the diet x period 
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interaction were tested using the overall MS as the error term. Dietary treatment 
differences within a period were tested using a paired /-test. Least squares means are 
reported. Correlation analysis (SAS, 1989) was performed using Pearson's correlation 
coefficients. 
Results and Discussion 
Initial sow and litter traits on d 0 postpartum are presented in Tkble 2. Sow whole 
body weights and empty body weights were about 4.5 kg less in sows assigned the LP 
versus HP diets on d 0 of lactation. The sows assigned to the LP dietary group had less 
body protein, water and ash on d 0 than HP sows but contained 2 kg more body fat. The 
number of pigs per litter and litter weights on d 0 were similar between the two treatment 
groups. 
Dietary amino acid regimen effects. Over the duration of the first 20-d of lactation, 
the LP and HP sows consumed 76 and 83% of their allocated daily feed (Tkble 3). Daily 
ME intakes averaged (14.2 versus 16.1 Meal) in the LP and HP sows while daily lysine 
intakes averaged (16.2 versus 58.9 g) respectively. Daily litter weight gain and daily milk 
output of protein, energy, and dry matter of the LP sows were reduced compared with the 
HP sows. Furthermore, the LP sows lost more BW on a daily basis than the HP sows, and 
the compwsition of the weight loss diflFered between groups. Sows fed the LP diet 
mobilized both body protein and fat while HP sows actually accrued body while mobilizing 
body fat. In the LP sows, body protein and fat represented 10% and 38% of the sows 
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weight loss, respectively. Water and ash associated with body protein accounted for most 
(43%) of the weight loss in the LP sows. In contrast, the HP sows accrued 152 g of 
protein and 232 g of associated body water and ash daily while mobilizing 593 g of body 
fat. Therefore, the amount of body fet represented 310% of the HP sow's total body 
weight loss. 
Dietary amino acid regimen and stage of lactation interactions. The differences 
in feed intake between dietary treatment groups was greater as lactation progressed (T^ble 
4). Sows fed the LP and HP diet ate similar amounts of feed and ME up to d 10 of 
lactation after which the feed intake of the LP sows reached a plateau while that of HP 
sows continued to increase. The lower feed intake of the LP sows likely was associated 
with the reduction in milk synthesis and thus energy demand resulting from the shortage of 
lysine. The magnitude of the differences in daily lysine intake between dietary groups also 
increased as lactation progressed. Because of these differences in lysine intake, rate of 
sow body weight loss in the LP sows increased with stage of lactation as sows became 
more reliant on body tissue mobilization to meet the metabolic nutrient demands for milk 
synthesis. Also, a high rate of sow weight loss was maintained throughout lactation in the 
LP sows, which implies that LP sows were attempting to maintain milk output over the 
entire lactation. 
Dry matter, GE, and CP content of milk decreased as stage of lactation increased 
(T^ble 5). Furthermore, the CP content of milk was reduced more in the LP versus HP 
sows as lactation progressed. The reduction in DM, GE, and CP content of milk 
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observed in sows receiving the LP diet differs from the response observed in lactating 
sows receiving inadequate energy intake relative to their needs. When dietary energy is 
the limiting nutrient for milk production, GE and DM content of the milk typically is 
increased because of the mobilization of body fet (O'Grady et al., 1973; Boyd et al., 1982; 
Van Kempen et al., 1985; Noblet and Etienne, 1986)., while the CP content is unchanged. 
This type of response was observed in the HP sows. On the other hand, the LP sows 
apparently had insufficient lysine available from diet and body sources to support a higher 
level of milk protein synthesis but likely had sufficient energy to maintain lactose 
synthesis. By maintaining lactose synthesis the output of fluid in milk would be 
maintained because of the osmotic potential created (Oftedal, 1984). Therefore, the 
amount of protein and fat that the sow was actually able to put into milk would be 
effectively diluted. This conclusion is supported by the lower DM content of milk from 
the LP sows and the lack of a diet x stage interaction for the CP:GE ratio in milk. 
Daily litter weight gain, and output of DM, CP, and energy in milk was similar 
between dietary groups up to d 10 of lactation. After d 10, the magnitude of the 
differences in litter weight gain and milk nutrient output increased as lactation progressed 
C&ble 6). The greater reduction in milk protein output after d 10 of lactation seemed to 
be caused by the inability of sows on the LP diet to mobilize sufficient amino acids from 
body tissue protein during the latter half of lactation to compensate for the dietary 
deficiency and thus meet the amino needs for milk synthesis. Daily milk nitrogen output 
of sows for d 0 to 5 and d 5 to 10 of lactation was not correlated (r = .17 and . 14, 
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respectively, P > .3) with daily lysine intake over the same stages of lactation. 
However, daily milk nitrogen output for d 10 to 15, d 15 to 20, and d 20 to 23 was highly 
correlated (r = .60, .72, and .41, respectively, P < .01) with daily lysine intakes over the 
same stages of lactation. This relationship demonstrates that as lactation progresses and 
when a larger percentage of body tissues have been mobilized, the sow reaches a point 
were tissue mobilization cannot mate up for all of the dietary amino acid deficiencies 
relative to the potential for milk synthesis. After reaching this point, milk synthesis 
becomes more reliant on dietary amino acid supply. The difif^erence in the actual 
proteinxnei^y ratio in milk, calculated from the analyzed milk composition, versus the 
ratio calculated from the estimated milk outputs may be caused by errors in predication of 
nutrient output in milk from the regression equations. It would seem from the observed 
differences between these two ratios that either protein output is underestimated or energy 
output is overestimated. Based on the estimated gross efficiency of lysine use for milk 
lysine presented in Tkble 8, it seems that milk energy output is overestimated rather than 
protein being underestimated. If the opposite were true the calculated gross efficiency of 
lysine use for milk lysine output would be biologically impossible, i.e. efficiency would be 
greater than 1.0. 
An estimate of myofibrillar protein breakdown was obtained by studying the 
kinetics of 3MH metabolism. Production rate of 3MH (/xmol/kg/d) and muscle FBR 
(percentage/d) were greater for LP sows than for HP sows and the magnitude of the 
differences between LP and HP sows for these criteria became greater as lactation 
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progressed (Tkble 7). Muscle FBR for the LP sows was 23, 52, and 62% higher than for 
HP sows on d 0, 10, and 20, respectively. The decrease in 3MH production rate and FBR 
from d 0 to d 10 in the HP sows can be attributed to both the completion of uterine 
involution and the net accretion of body protein in these sows. These data indicate a 
substantial reliance of the sow on mobilized muscle protein during periods of dietary 
amino acid deficiency. Although the absolute rate and fractional rate of muscle breakdown 
increases as lactation progresses in the LP sows, overall, it seems that the percentage of 
lysine mobilized from muscle versus other body tissues remains around 55% (Table 8). 
The amount of muscle protein actually mobilized is dependent on the dynamics of 
protein synthesis and degradation of muscle protein. Thus, in order to assess the relative 
contribution of muscle tissue breakdown to the protein needs for lactation, fractional 
synthesis rate (FSR) must be considered. Fractional synthesis rate was dependant on the 
sow's diet and stage of lactation. Sows fed the LP diet had higher FSR on d 20 than on d 
0 while sows fed the HP diet had lower FSR on d 20 than on d 0. Also, for sows fed the 
LP diet FBR was higher than FSR at all stages of lactation while the opposite was true for 
the HP fed sows. This indicates the ability of sows to selectively regulate FBR and FSR to 
compensate for their low amino acid intake to maintain a desired function such as 
lactation. Similar effects on muscle protein synthesis and degradation have been reported 
in sheep in response to the increased demand for amino acids to support lactation (Vincent 
and Lindsay, 1984). Furthermore, a key point is that, even though LP sows could not 
mobilize sufficient tissue protein to maintain milk production, they continued to increase 
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body tissue mobilization in an effort to satisfy the nutrient needs for milk synthesis. This 
point demonstrates the presence of a strong lactational homeorhesis in sows that operates 
to partition nutrients toward milk synthesis. 
The magnitude of this homeorhetic drive is difficult to assess because knowledge of 
the mechanisms that regulate it are lacking. However, it should differ among sows due to 
differences in the amount of dietary nutrients consumed relative to the demand for 
nutrients to support milk synthesis. Milk nutrient output is largely driven by the number 
of piglets suckling the sow (King et al., 1989) and modified by environmental factors such 
as dietary nutrient inputs, climatic conditions, or immune status imposed on the animals. 
On this basis, if litter size and environmental conditions are uniformly controlled, the 
potential milk production capacity among sows will be similar. In this situation the 
magnitude of the nutritionally induced homeorhetic drive is dependent on the amount of 
nutrients that must be obtained from body tissues, due to dietary shortages, relative to the 
potential milk nutrient output. In this experiment the differences between potential output 
of lysine and ME in milk and the intake of lysine and ME from diet were estimated. The 
potential milk nutrient output in this study was estimated to be that of the maximum 
nutrient outputs achieved by the top 20 percent of the sows during each stage of lactation. 
Differences in actual versus potential milk production were assumed to be due only to 
differences in amounts of dietary lysine and ME consumed. It also was assumed that the 
mammary potential to synthesize milk was not irreversibly altered due to nutrient 
deficiency in an earlier stage of lactation. Evidence to support this assumption has been 
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gathered from dairy cows given moderate to severe feed restriction in early lactation and 
then fed at an adequate feeding level in late lactation (Broster and Thomas, 1981; Coulon 
et al., 1987). Cows in these studies were shown to have lowered milk output when energy 
supply was limited in early lactation but then responded to increased feed allowance by 
producing as much milk as control cows after peak yield. The difference then between the 
potential output and dietary input represents the amount of that nutrient that had to 
potentially be derived from body tissue. Nutrient outputs of lysine and ME were 
calculated from the estimated milk protein and ME outputs of which the means are shown 
in Ttible 6. Correction to dietary lysine equivalents was done assuming that milk protein 
contained 7.5% lysine (ARC, 1981) and lysine was 82% and 84% digestible (Heartland 
Lysine Inc., 1995) from the LP and HP diets, respectively, and that digestible lysine was 
used at 80% efficiency (Mullan et al., 1989) for milk protein synthesis. Correction to 
dietary ME equivalents was done assuming that the efficiency of conversion of ME into 
milk was 72% (Mullan et al., 1989). Figure 2 shows the dietary intakes of lysine and ME 
relative to the potential output of these nutrients in milk. From this figure it is apparent 
that milk output in the LP sows was limited by the amount of lysine available for milk 
synthesis. The percentage of dietary lysine intake relative to potential milk lysine output 
was 39, 38, 37, and 37%, respectively over the four 5-d periods of lactation up to d 20 
whereas dietary ME intake met 85, 80, 75, and 75% of the potential ME output over the 
same periods. On the other hand, the HP sow's dietary lysine intake met 128, 130, 139, 
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and 143% of the potential milk lysine output and their dietary ME intake met 85, 84, 90, 
and 93% of the potential milk ME output over the same periods as the LP sows. 
Tkble 8 summarizes the estimated lysine balance of the LP and HP sows for d 0 to 
10 and d 10 to 20 of lactation. Based on the following assumptions: 1) that adipose tissue 
is 4% protein and that the protein is 6.5% lysine (Lonergan, 1991), 2) that the amount of 
other protein mobilized is the difference between the total and the amount from muscle and 
fat, and 3) that body protein other than muscle is 6.2% lysine, muscle protein is 8.8% 
lysine (Simon, 1989) and that efficiency of lysine use for protein accretion in maternal 
body is .80, the contributions from the various tissue sources were calculated. As shown 
in Tkble 8 LP sows mobilized 12.75 and 12.58 g of digestible lysine equivalents from their 
bodies while HP sows used 12.57 and 12.56 g of digestible lysine equivalents for protein 
accretion during the two stages of lactation. LP sows derived 56% and 55 % of the 
mobilized lysine from muscle for d 0 to 10 and d 10 to 20, respectively. This suggests that 
sows mobilize a relatively constant ratio of muscle protein:to body protein during amino 
acid deficiency. Also, botli groups of sows are estimated to have derived lysine from 
mobilized fat tissue, but it would seem that the amount of lysine derived from this source 
is more dependant on the energy status of animal. LP sows seemed to use lysine with 
greater gross efficiency for milk lysine output than HP sows. This result would be 
expected because LP sows had less lysine available than was required for milk synthesis. 
The lower gross lysine efficiency for the HP sows was likely caused by the fact that they 
were consuming lysine in excess of their required lysine needs. 
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Implications 
Dietary amino acid restriction during lactation reduces milk nutrient output and 
therefore limits litter growth rate. Furthermore, dietary amino acid restriction results in 
maternal protein loss, of which 55% is derived from muscle protein and 45% other body 
proteins. Sows will continue to mobilize maternal body protein throughout lactation 
indicating the presence of a strong homeorhetic drive for milk production which will 
maintain some level of milk output but is apparently not sufficient to maintain milk 
nutrient output up to the sows biological potential. The effects of this strong homeorhetic 
drive for milk production likely will influence subsequent reproductive performance. 
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T^ble 1. Composition of the experimental lactation diets 
Dietary regimen 
Ingredient, % HP LP 
Com 59.51 89.59 
Soybean meal, 48% 35.29 4.58 
Dicalcium phosphate 2.74 3.35 
Limestone 1.03 1.06 
Salt .50 .50 
Choline-Cl .40 .40 
Vitamin premix* .33 .33 
TVace mineral premix*" .10 .10 
Antibiotic" .10 .10 
Nutrient composition, calculated 
CP, % 20.66 8.33 
Lysine, % 1.20 .34 
Threonine, %'' .83 .40 
Methionine + Cystine, %"* .68 .42 
Hryptophan, %'' .28 .11 
ME, Mcal/kg 3.22 3.22 
Calcium, % 1.20 1.20 
Phosphorus, % .90 .90 
Nutrient composition, analyzed 
CP, % 20.71 8.56 
Tvsinp. % 1 18 •^ 7 
* Contributed the following per kg of diet: vitamin A, 10,000 lU; vitamin D^, 500 lU; 
vitamin E, 58 lU; vitamin K, 1.25 mg; vitamin B12, .038 mg; riboflavin, 10.0 mg; D-
pantothenic acid, 30.0 mg; niacin, 25.0 mg; thiamine, 2.50 mg; pyridoxine, 2.50 mg; 
folic acid, .75 mg; biotin, .50 mg. 
^ Contributed the following per kg of diet: Fe, 200 mg; Zn, 125 mg; Cu, 13 mg; Mn 25 
mg; I 1.0 mg; and .3 ppm Se. 
' Contributed 55 mg chlortetracycline per kg of diet. 
^ Calculated values are based on NRC (1988) amino acid compositions of com and 48% 
soybean meal multiplied by the ratio of analyzed:calculated concentration of lysine. 
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'ftble 2. Initial sow and litter traits 
Item 
Dietary regimen Probability 
HP LP SE* D" 
Sow BW, kg 169.0 164.3 1.45 .16 
Sow backfet, mm 21.7 22.5 .61 .62 
Predicted sow empty body composition 
Weight, kg 164.7 160.2 1.99 .16 
\\^ter, kg 92.6 88.1 1.09 .01 
Protein, kg 27.0 25.3 .43 .01 
Fat, kg 37.64 39.72 1.64 .27 
Ash, kg 6.00 5.62 .09 .01 
Litter size, d 0 13.0 13.0 .05 .46 
Litter weight, kg' 17.4 17.8 .44 .51 
• Pooled standard error of the mean, n=36. 
'' Diet eflFect. 
° Sum of the birth weights (within 8 h of birth) of pigs native to the litter plus the weight of 
foster pigs (at time of transfer) transferred to the litter to increase litter size of 13 pigs. 
Foster pigs were selected from litters bom within 1 d of the experimental litter. 
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Tkble 3. Influence of dietary (D) regimen of sows fed a higii (HP, 1.2% lysine) or low 
(LP, .34% lysine) protein diet during lactation on sow and litter performance over 20 d 
of lactation 
Item 
Dietary regimen Probability 
HP LP SE* D 
Sow feed intake, kg/d 4.98 4.41 .10 .11 
Lysine intake, g/d 58.9 16.2 .86 .01 
ME intake, Mcal/d 16.1 14.2 .33 .11 
Sow BW change, kg/d -0.21 -1.23 .08 .01 
Sow backlat change, mm/d -0.08 -0.06 .02 .74 
Predicted sow empty body component changes 
Weight, g/d -191 -1186 79.33 .01 
Wkter, g/d 260 -540 36.00 .01 
Protein, g/d 152 -123 10.12 .01 
Fat, g/d -593 -448 42.67 .14 
Ash, g/d 31 -32 2.41 .01 
Litter weight change, g/d 2162 1814 40.28 .01 
Milk nutrient outputs 
Protein, g/d'' 393 336 6.34 .01 
Energy, kcal/d' 9662 7916 183.33 .01 
Dry matter, g/d ^ 1491 1237 27.06 .01 
* Pooled standard error of the mean, n=36. 
^ Protein estimated by multiplying milk nitrogen (NJ by 6.38. NL(g) = .0257 x ADG (g) 
+ .42; (Noblet and Etienne, 1989). 
' Energy (kcal) = 4.92 x ADG (g) - 90; (Noblet and Etienne, 1989). 
^ Dry matter (g) = .72 x ADG (g) - 7; (Noblet and Etienne, 1989). 
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Ttible 4. Influence of diet (D) and stage (S) of lactation on daily dietary nutrient intake, 
and body weight change of sows fed a high (HP, 1.2% lysine) or low (LP, .34% lysine) 
protein diet during lactation 
Period of lactation, d Probability 
Item Diet 0-5 5-10 10-15 15-20 20-23 SE* D s DxS 
Feed, kg/d HP 4.02 4.97 5.29 5.55 5.37 - - - -
LP 3.93 4.72 4.47 4.51 4.65 .12 .10 .01 .04 
Lysine, g/d HP 47.9 58.9 62.5 65.4 63.8 - - - -
LP 14.5 17.3 16.5 16.7 17.0 .83 .01 .01 .01 
ME, Mcal/d HP 13.0 16.0 17.1 17.9 17.3 - - - -
LP 12.7 15.2 14.4 14.5 15.0 .40 .10 .01 .04 
Sow BW, kg/d HP -.15 -.10 -.58 .04 -.72 - - - -
LP -.63 -1.27 -1.60 -1.43 -1.26 .16 .01 .02 .14 
• Pooled standard error of the mean, n=36. 
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Tkble 5. Influence of diet (D) and stage (S) of lactation on nutrient composition of milk 
from sows fed a high (HP, 1.2% lysine) or low (LP, .34% lysine) protein diet 
Day of lactation Probability 
Item Diet 0 5 10 15 20 SE' D S DxS 
DM, % HP - 20.0 19.1 18.6 18.2 .20 .01 .01 .41 
LP - 19.0 17.5 16.7 16.7 
GE, kcal/g HP - 1.25 1.18 1.13 1.08 .02 .01 .01 .36 
LP - 1.17 1.04 .97 .96 
CP, HP - 5.69 5.58 5.50 5.63 .06 .01 .01 .08 
LP - 5.06 4.57 4.52 4.66 
g CP/Mcal GE HP - 46.1 47.6 49.0 52.3 .06 .04 .01 .72 
LP - 43.4 44.3 46.9 48.5 
' Pooled standard error of the mean, n=36. 
'' CP equals N x 6.38. 
78 
Tkble 6. Influence of diet (D) and stage (S) of lactation on litter weight and milk dry 
matter (DMJ, protein, and energy (El) output for sows fed a high (HP, 1.2% lysine) or 
low (LP, .34% lysine) protein diet 
Period of lactation, d Probability 
Item Diet 0-5 5-10 10-15 15-20 20-23 SE* D s DxS 
Litter wt, g/d HP 1795 2333 2346 2347 2027 - - - -
LP 1680 2170 1897 1663 1525 58 .01 .01 .01 
Milk nutrient outputs 
DM, g/d" HP 1193 1592 1608 1606 1240 - - - -
LP 1117 1473 1276 1110 911 48.9 .01 .01 .02 
Protein, g,d° HP 325 416 419 419 329 - - - -
LP 309 390 345 307 255 11.9 .01 .01 .04 
ME, Mcal/d"' HP 7.63 10.35 10.47 10.45 8.01 - - - -
LP 7.10 9.53 8.18 7.06 5.76 .33 .01 .01 .02 
* Pcx)led standard error of the mean, n=36. 
DMl = .72 X ADG - 7, (Noblet and Etienne, 1989). 
' CP estimated by multiplying Nl by 6.38. Nl = .0257 x ADG + .42, (Noblet and 
Etienne, 1989). 
El = 4.92 X ADG - 90, (Noblet and Etienne, 1989). 
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Tkble 7. Influence of diet (D) and stage (S) of lactation on 3MH production rate, and 
muscle fractional breakdown (FBR) and fractional synthesis rate (FSR) of sows fed a high 
protein (HP, 1.2% lysine) or low protein (LP, .34% lysine) diet* 
Day of lactation Probability 
Item Diet 0 10 20 SE' D S DxS 
3MH production. HP 9.23 8.27 9.98 - - - -
/xmol/kg BW/d LP 10.97 11.44 14.56 .38 .01 .01 .05 
FBR, %/d HP 3.00 2.53 2.85 - - -
LP 3.69 3.84 4.61 .12 .01 .01 .02 
FSR, %/d'' HP - 3.30 3.19 - - - -
LP - 3.24 3.70 .06 .14 .08 .01 
' Pooled standard error of the mean, n=36. 
'' Values entered in the table at d 10 and 20 represent the average FSR between d 0 to 10 
and between d 10 to 20, respectively. 
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Figure 1. Intake of ME (panel A) and lysine (panel B) relative to potential milk ME and 
lysine output for primiparous sows fed a high protein (HP, 1.2% lysine) or low protein 
(LP, .34% lysine) diet during lactation. ME and lysine outputs adjusted to total dietary 
equivalents as described in the text. 
Potential milk ME output 
HP, dietary ME 
intake 
LP. dietary ME 
intake 
HP. dietary iyeine intake 
Potantial milk lysine output 
LP, dietary lysine Intake 
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'Rble 8. Lysine balance of lactating sows fed a high protein (HP, 1.2% lysine) or low 
protein (LP, .34% lysine) diet 
Day of lactation 
Oto 10 10 to 20 
Diet Diet 
Item HP LP HP LP 
Lysine inputs, g/d 
Diet (digestible) 44.86 13.56 53.70 13.46 
Body proteins 
Muscle' 7.03 6.93 
Fat" 2.03 1.15 2.03 L15 
Other® - 4.57 - 4.50 
Lysine outputs, g/d 
Milk lysine** 23.42 22.34 26.84 20.77 
Body protein deposition 
Muscle' 7.20 7.18 
Other® 5.37 - 5.38 -
Sow maintenance" 1.68 1.61 1.67 1.51 
Balance 9.49 2.36 14.66 3.76 
Gross efficiency .85 .92 .67 .87 
' Amount of muscle mobilized or accrued is based on the estimates the FBR and FSR 
shown previously. Assumes that muscle protein contains 8.8% lysine (Simon, 1989) and 
that eflBciency of lysine use for protein accretion in maternal body is .80. 
^ Assumes that adipose tissue is 4% protein and that the protein is 6.5% lysine (Lonergan, 
1991). 
Amount of other protein mobilized is the difference between the total and the amount 
from muscle and fat tissue. Assumes that body protein other than muscle is 6.2% lysine 
(Simon, 1989) and that eflSciency of lysine use for protein accretion in maternal body is 
.80. 
^ Assumes that lysine is 7.5 % of milk protein (ARC, 1981), and that 15% of milk N in 
non-protein N (l^rrin, 1955). 
' Sow maintenance lysine equals .039 g/kg (Fuller, 1989). 
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CHAPTER 4. IMPACT OF AMINO ACID NUTRITION DURING LACTATION ON 
LH SECRETION AND RETURN TO ESTRUS IN PRIMIPAROUS SOWS 
A paper to be submitted to the Journal of Animal Science 
D.B. Jones and T.S. Stahly 
Abstract 
Impact of dietary amino acid regimen of primiparous sows on LH secretion and 
weaning-to-estrous interval was evaluated. Thirty-six sows, nursing litters of 13 pigs, 
were allocated daily 6 kg of a corn-soybean meal diet containing a high (HP, 1.20% 
lysine) or low (LP, .34% lysine) protein content during a 23-day lactation. Dietary lysine 
concentration was achieved by altering the ratio of com and soybean meal in the diet. 
Plasma LH, ACTH and estradiol-17/3 were evaluated at 15 min, hourly, and 6 h intervals, 
respectively, during 6 h periods on d 0, 5, 10, 15, and 20 of lactation. Sows were checked 
daily for estrus from weaning up to 45 d postweaning. Sows fed the LP and HP diets 
consumed 4.41 and 4.98 kg of feed daily during lactation. LP sows weighed less (P< .05) 
and had lighter (P < .05) litters at weaning. Mean and baseline LH concentrations and LH 
pulses/6 h were lower (P < .01) in LP sows and the differences between LP and HP sows 
increased (P < .05) as lactation progressed. Divergence of plasma LH concentrations 
between LP and HP sows was established by d 10 of lactation. Plasma concentrations of 
estradiol and ACTH were not altered by diet. Weaning-to-estrous interval was extended 
(P< .05) (LP, 14.0 d vs HP, 6.2 d) and the period of peak estrous activity v;as delayed 
(P< .01) 5 d in the LP sows. Mean LH concentrations on d 5 and 10 of lactation were 
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correlated (r = -.54 and -.56, resp>ectively, P <.01) with weaning-to-estrous interval. 
Also, mean LH concentrations on d 10 were correlated (P < .05) with the magnitude of 
dietary lysine deficiencies relative to demand for milk synthesis on d 0 to 5 and d 5 to 10 
(r = -.39, -.49, respectively). Inadequate dietary amino acids intake in sows during early 
lactation results in lower LH secretion by d 10 post-partum, which is associated with 
increased weaning-to-estrous interval. 
Key Words: Sows, reproduction, LH, amino acids 
Introduction 
Nutrient needs of the lactating sow are largely determined by demand for milk 
production created by her suckling litter. Adequacy of sows' nutritional regimen is critical 
to allow synthesis of sufficient milk for her litter while maintaining the dams reproductive 
potential post-weaning. If supply of dietary amino acids is not adequate, mobilization of 
significant amounts of maternal body protein will occur due to the high demand for amino 
acids during lactation (Sauber, 1995; Jones and Stahly, 1995). Inadequate energy or 
amino acid nutriture during lactation have both been reported to increase weaning-to-
estrous interval and non-productive sow days (Svajgr et al., 1972; King and Dunkin, 1986; 
Tokach et al., 1991). The critical control point where reproduction is interrupted appears 
to be at the hypothalamus, specifically, insufficient release of GnRH. However, the 
mechanism and timing of nutritional regimens on the reproductive axis during lactation is 
not clear but may involve interaction of the adrenal axis hormones with GnRH release 
84 
(Moberg, 1991, Rivier and We, 1984). The effect of adrenal-axis hormones on release 
of gonadtropins during lactation has not been studied in pigs. 
hypothesized that if amino acid nutrition is inadequate during early lactation, 
LH release will be inhibited and the sows's return to estrus will be delayed post-weaning. 
Therefore, the objective of this study was to determine the impact of dietary amino acid 
regimen of primiparous sows nursing large litters on LH secretion and return to estrus 
post-partum. 
Materials and Methods 
Experimental design. Six trials, each utilizing 6 primiparous Yorkshire x Landrace 
sows from a single genetic strain and site of origin, were conducted. Sows were 
individually-penned in gestation stalls within a curtain-sided building. Estrus was 
synchronized by feeding a daily oral dose of 11 mg altrenogest (Regu-Mate®, Hoechst 
Roussel Agri-Vet, Somerville, NJ) for 14 d. Sows were then bred within a five day period 
by hand-mating to Hampshire-Duroc boars. Breeding period was timed to coincide with 
the mating of other sows in the herd so additional pigs would be available to standardize 
litter size to 13 pigs on all experimental sows within 8 h of parturition. Sows selected for 
use in this study were at least 190 ± 10 d at breeding and had a minimum of 13 functional 
teats. At time of breeding, sows averaged 130 ± 1.7 kg and 21.9 + .8 mm average 
backfet. 
85 
From breeding to parturition, sows received 1.8 kg daily (fed between 0600 and 
0800 h) of a corn-soybean meal diet fortified to provide 110% of daily amino acid and ME 
requirements for gestating sows (NRC, 1988). Vitamins and minerals were provided at a 
minimum of 175% of the estimated daily requirements for gestating sows (NRC, 1988). 
Sows were fed individually and their body weight and backfat thickness (average thickness 
over the first and last rib, and last lumbar vertebrae, measured ultrasonically 5 cm off 
midline with a Renco Lean-Meater, Renco Manufacturing, Mpls, MN) were monitored at 
two week intervals throughout gestation. Daily ME intake of individual sows were 
adjusted as needed, by increasing or decreasing ME intake while keeping other nutrient 
intakes constant, to achieve similar body weight and average backfat thickness among sows 
at time of farrowing. At 60 and 110 d of gestation sows averaged respectively, 151 ± 1.5 
and 170 ± 1.4 kg BW and 22 ± .8 and 20 ± .7 mm backfat. 
Between 107 to 112 d of gestation, jugular catheters were placed in each animal as 
described previously (Jones and Stahly, 1995). After completion of this procedure animals 
were allowed to recover fully from the anesthesia and were placed into individual 
farrowing stalls within a temperature controlled room maintained at 22.8 + .1 °C. 
Sows were randomly assigned to one of two dietary treatment groups, either a high 
(HP) or low (LP) protein diet described by Jones and Stahly (1995). Feeding of the 
experimental diets began within 8 h of the completion of parturition. The HP and LP diets 
were formulated to provide the estimated lysine needs of a 165 kg sow nursing a litter of 
13 pigs, and 30 percent of this, respectively. Estimated requirements for dietary lysine 
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and ME were derived fectorially as described previously (Jones and Stahly, 1995). A sow 
of this body size nursing 13 pigs was estimated to require a total of 71 g of lysine daily 
from a com-soy diet. Sows were allocated 6 kg of feed daily which was provided in three 
equal aliquots at 0700, 1200, and 1700 hours. Wasted and refused feed was collected 
daily and sow feed intake was recorded for days 0 to 5, 5 to 10, 10 to 15, 15 to 20, and 20 
to 23 of lactation. 
Litter size was standardized to 13 pigs within 8 hours post-farrowing to stimulate a 
high level of milk production and thus nutrient demand in the sows. This litter size was 
maintained by replacement of any pigs that died up to 3 days post-larrowing, after which 
no additional pigs were added to litters. Sow weight and backfat thickness, and piglet 
weight was recorded within 8 h of the completion of farrowing and, on d 5, 10, 15, 20, 
and at weaning on d 23. After weaning, sows were moved to individual pens (2.44 x 
1.83 m) within a curtain-sided building and fed 1.8 kg of a .71% lysine, com-soy diet 
(vitamins and minerals 250% of NRC, 1988). Sows were monitored once daily (0800 h) 
for estrous activity by exposing them to a mature boar for 20 min. A sow was considered 
to be in estrus when she would stand for the boar. Estrous detection was conducted on 
each sow until she was bred, or up to 45 days post-weaning. A blood sample for 
progesterone analysis was taken every five days post-weaning to account for sows that 
ovulated but did not display behavioral estrus. 
Blood sampling. On day 0, 5, 10, 15, and 20 of lactation, plasma samples for LH, 
estradiol-17)8, and ACTH analysis were collected. Day 0 was the day after farrowing was 
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completed, and sows that had not farrowed by 1800 h were included in the next days 
f a r r o w i n g  g r o u p .  D a y  5 ,  1 0 ,  1 5 ,  a n d  2 0  a c t u a l l y  r e p r e s e n t e d  d a y s  5  +  1 ,  1 0 + 1 ,  1 5 ±  
1, and 20 ± 1 d postpartum. Clotting of blood was prevented by addition of heparin (20 
lU/ml) to samples for LH and estradiol determination and by addition of K-EETA (2 
mg/ml) to samples for ACTH determination. Samples for LH determination were 
collected every 15 min during a 6-h period from 0600 to 1200. Samples for estradiol 
determination were collected once at 0900 h and samples for ACTH determination were 
collected hourly at 0700 to 1200 h during the six hour LH window. Blood samples were 
placed on ice immediately after collection. Plasma was harvested within 2 hours of 
collection after centrifugation at 1520 x g for 15 minutes and was immediately frozen at -
20°C until analyzed. 
Plasma LH concentrations in samples collected at 15 minute intervals over 6 hours 
were used to characterize mean and baseline LH concentrations, and number of LH pulses 
per 6-hour collection period. LH baseline concentrations and number of pulses per 6 h 
were determined using the computer program Pulsefit, which utilizes the hormone pulse 
detection algorithm described by Kushler and Brown (1991). Plasma ACTH 
concentrations also were examined for evidence of a pulsatile pattern of release but no 
such pattern was observed. Therefore, the six ACTH determinations on a given day were 
averaged to give the mean concentration. 
LH assay. Luteinizing hormone was measured in 300 ^1 aliquots of plasma in 
duplicate using the double antibody RIA described previously (Niswender et al., 1969, 
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1970), with modifications to increase sensitivity of the assay. Briefly, highly purified 
porcine LH (LER-786-3) was used for labelling with '"I by the cholarmine-T method 
(G.R. Foxcroft, personal communication), and for standards (10 pg/tube to 2.5 ng/tube). 
Anti-porcine LH serum (GDN #566; G.D. Niswender, Colorado State University, CO) 
was diluted 1:40,000 with .05 M EETA-PBS + 1:400 normal rabbit serum, and 200 ^1 
were added to each assay tube containing the plasma unknown and .01 M PBS (.01 M PBS 
+ 1 % BSA). Samples were incubated for 24 h at 4°C and 100 /xl of '^'I-pLH (20,000 cpm 
in .01 M PBS + . 1 % gelatin) were added and incubated 24 h at 4°C. Then 200 ^1 of 1:45 
goat anti-rabbit 7-globuiin (#1310, Cappel Labs., Inc.) were added and incubated 72 h at 
40C. Five hundred ^1 of .01 M PBS were added to each assay tube before centrifugation 
at 30(X) X g for 30 min. Supernatant was then decanted and radioactivity of the pellet 
determined. 
The antibody, at the concentration used, bound 22 to 28% of '^^I-pLH. Sensitivity 
of the assay, defined as the amount of LH standard which yielded 95 % of the radioactive 
counts of the buffer control tubes, was . 1 ng/ml. Samples below the sensitivity of the 
assay were assigned the value . 1 ng/ml for data analysis. Recoveries of .47 ± .02 and 
5.22 ± .04 ng/ml were obtained when .50 and 5.00 ng/ml of purified LH were added to a 
low LH sow plasma pool. Intra-assay CV's were 7.2, 13.7, 6.8, 11.4, 14.3, 10.7% for 
the six assays (each assay represented all the samples collected in a trial) and the inter-
assay CV was 13.6%. Intra and inter-assay CV's were determined by assaying samples 
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from a plasma pool obtained from lactating sows maintained under conditions similar to 
those in this experiment. 
ACTH assay. Concentration of ACTH in duplicate 50 /xl aliquots of plasma was 
determined by double antibody RIA described previously (Minton and Cash, 1990; Minton 
and Blecha, 1990). Intra-assay CV's were 3.5, 7.8, 3.5, 8.3, 3.7, and 7.6% for the six 
assays (each assay represented all the samples collected in a trial) and the inter-assay CV 
was 4.7%. Intra and inter-assay CV's were determined by assaying samples from a 
plasma pool obtained from lactating sows maintained under conditions similar to those in 
this experiment. 
Estradiol and progesterone assays. Estradiol-17/3 concentrations in plasma were 
determined by RIA procedures described previously (Biensen et al, 1994) and using the 
same fully characterized antibody (anti-E2-6-3 antibody; Lilly M)30073). Recoveries of 
4.9 ± .4, 28.4 ± .3, and 110.7 ± 2.4 pg/ml were obtained when 5.0, 25.0 and 1(X).0 
pg/ml of estradiol-17/3 were added to a lactating sow plasma pool. Intra-assay CV's were 
5.4, il.8, 6.6, 6.0, 3.4, and 5.6% for the six assays (each assay represented all the 
samples collected in a trial) and the inter-assay CV was 4.3 %. Sensitivity of the assay was 
2 pg/ml as determined by the amount of steroid which yielded 95 % of the radioactive 
counts as in the buffer control tubes. 
Progesterone concentrations in plasma were determined by a specific RIA 
previously described and validated (Conley et al., 1989) and using the same fully 
characterized antibody (GDN-337; G.D. Niswender, Colorado State University, CO). 
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Recoveries of .07 ± .004, .47 ± .02, and 4.97 + .19 ng/ml were obtained when .05, .50 
and 5.00 ng/ml of progesterone were added to a ovariectomized sow plasma pool. Intra-
assay CV was 14.5% (samples from all six trials were run in a single assay) determined by 
running samples of pooled lactating sow plasma with the assay. Sensitivity of the assay 
was 20 pg/ml as determined by the amount of steroid which yielded 95 % of the radioactive 
cpm in the buffer control tubes. 
Statistical analysis. Data were analyzed by analysis of variance techniques for a 
randomized complete block design using the GLM procedure of SAS (1989). Responses 
over time (period) were analyzed as repeated measures (Steel and Torrie, 1980). The sow 
or litter was considered the experimental unit and main effects included in the model were: 
trial, rep, diet, and period. TYial was tested using the rep(trial) MS as the error term. 
Diet was tested using the trial x treatment MS as the error term. And, period and the diet 
X period interaction were tested using the rep x diet x period (trial) MS as the error term. 
Dietary treatment diflFerences within a period were tested using a paired r-test. Least 
squares means are reported. Correlation analysis (SAS, 1989) was performed using 
Pearson's correlation coefl5cients to test the strength of association between LH secretory 
parameters and number of days-to-estrus, and between LH secretory parameters and 
nutrient deficiencies and ACTH and estradiol concentrations. 
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Results and Discussion 
Sow and litter traits on d 0 and d 23 postpartum are presented in T^ble 1. Sow 
body weight, sow backfet thickness, number of pigs per litter and litter weight on d 0 of 
lactation were similar between sows assigned to the LP and HP diets. On d 23 of 
lactation, sows fed the LP diet weighed less and had litters that weighed less than sows fed 
the HP diet. Litter size and sow backfet thickness on d 23 of lactation were not altered by 
dietary regimen. 
The feed intake response of sows to the two dietary amino acid regimens was 
dependent on the stage of lactation (Tiible 2). During the initial 5 days of lactation, feed 
and ME intakes were similar between treatment groups. As lactation progressed, feed and 
ME intakes increased in both treatment groups, but the magnitude of change was less in 
the LP group. Daily lysine intakes were lower in the LP fed sows during each stage of 
lactation, and the magnitude of the difference in lysine intakes increased as lactation 
progressed. The lower ME intake of the LP sows likely was caused by insufficient amino 
acids to support the sows capacity for milk synthesis. Therefore, the LP sows required 
less daily ME than HP sows. 
The mean weaning-to-estrous interval was longer for sows fed the LP diet versus 
the HP diet (T^ble 1). It was recognized that sows may have ovulated without being 
detected visually in estrus. Therefore, a blood sample was collected every 5 days for 
progesterone analysis to determine if sows had ovulated. A progesterone concentration in 
plasma above 5 ng/ml was assumed to indicate that the sow had ovulated. Of the thirty-six 
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sows in the experiment, 3 sows ovulated without expressing estrous behavior and 5 sows 
remained anestrus beyond 45 days post-weaning. It was assumed that ovulation did occur 
in sows that displayed estrous behavior, and sows identified as having ovulated but not 
detected visually in estrus were placed in the appropriate period post-weaning for data 
analysis. The pattern of estrous activity post-weaning is displayed in Figure 1. Sows fed 
the LP diet during lactation began returning to estrus later and in lower number than sows 
fed the HP diet. This resulted in the peak occurrence of estrous activity for the LP sows 
being shifted 5 days later than for the HP sows and in a lower percentage of LP sows 
being mated by 45 d post-weaning. Sow weight at re-breeding also was effected by dietary 
regimen during lactation. The LP sows lost less weight from weaning to estrus than HP 
sows. The smaller weight loss of the LP sows likely was the result of their longer time 
period from weaning to estrus which would have allowed them to recover more of the 
"shrink' associated with mammary involution and the low feed intake typically experienced 
during the first few days post-weaning. 
Release of GnRH from neuro-secretory cells in the hypothalamus is the primary 
controller of the ovarian cycle (Kraeling and Barb, 1990; Esbenshade et al., 1990). GnRH 
is released in a pulsatile fashion and stimulates pituitary release of LH and FSH (Leshin et 
al., 1992). Therefore, LH release was used to assess the degree of recovery of the 
hypothalamic-pituitary axis in this study. Mean and baseline LH concentrations and 
number of LH pulses per 6 h were lower for sows fed the LP diet (Tkble 3). As lactation 
progressed, mean and baseline concentrations and pulses of LH began to increase. The 
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magnitude of the diflFerences between LP and HP fed sows for these three measures of LH 
secretion also increased as lactation progressed. The basic pattern of LH secretion 
observed, higher concentrations around parturition falling to a minimum around day five 
and then starting to rise, was consistent with previous reports in the literature (Tokach et 
al., 1992; Parvizi et al., 1976). A neuro-endocrine reflex triggered by the piglets suckling 
behavior reduces GnRH release from the hypothalamus and thus is thought to be the major 
inhibitor of LH secretion during most of lactation (Sesti and Britt, 1994; De Rensis et al, 
1993a). However, development of this suckling reflex has a latency period of several 
days before its eflFects are apparent thus explaining the high LH concentrations 
immediately post-partum (Sesti and Britt, 1994; De Rensis et al, 1993b). Effects of the 
suckling reflex become less as lactation progresses due to decreased frequency of nursing 
(Mattioli et al, 1988; Armstrong et al, 1988a,b) and lower intensity of udder massage 
provided by the piglets (Gill and Thomson, 1956; Jensen and Rec^n, 1989). In this study, 
the variability in suckling inhibition due to litter effects was minimized between dietary 
groups by standardizing litter size to 13 pigs per sow within 8 h jKjst-partum. 
Differences in mean and baseline LH secretion between dietary groups were 
already apparent by day 10 of lactation (T^ble 3). Sows fed the LP diet did not have an 
increase in LH secretion until after day 15 of lactation while sows fed the HP diet had 
increases in LH secretion between 5 and 10 days of lactation. This suggests that sows fed 
the LP diet experienced a suppression of their hypothalamic-pituitary axis as a result of 
inadequate nutrient intake relative to their metabolic demands for maintaining milk 
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production. Daily milk production was not different between dietary groups until after day 
10 of lactation as previously reported by the authors (Jones and Stahly, 1995). Based on 
these data, LP sows seemed to be able to mobilize sufficient amino acids from body tissue 
during the initial 10 d of lactation to meet their metabolic demand for milk production. 
This is evidence that some mechanism other than suckling inhibition is operating to 
suppress GnRH release in the LP fed group and implies that amino acid nutrition in early 
lactation (less than day 10) is critical to resumption of GnRH release. 
Negative and positive feedback effects of estradiol-17/3 (EjjS) on tonic GnRH and 
LH release have been well described previously (Karsch, 1987; Fink, 1988; Varley and 
Foxcroft, 1990; De Rensis et al., 1991). Therefore, plasma was monitored in this 
study to characterize the pattern of production in relation to LH release. Plasma EjiS 
concentrations decreased steadily from d 0 to d 10 and then were maintained at low levels 
(T^ble 4). The decline in plasma £218 was more rapid for sows fed the LP versus HP diet, 
the reason for which is not readily apparent. This pattern of EjjS concentration during 
lactation is consistent with those previously reported (Elsaesser and Parvizi, 1980; Varley 
and Foxcroft, 1990). Also, plasma EjiS concentrations were not correlated (r ranged from 
-.29 to . 18, P > . 10) with measures of LH secretion at any stage of lactation. This effect 
might be expected because in studies with ovariectomized lactating sows, pituitary LH 
content (Crighton and Lamming, 1969) and basal or GnRH-induced secretion of LH was 
not altered (F^rvizi et al., 1976; Stevenson et al., 1981). This suggests that LH release is 
not affected by the low levels of EjjS typically seen during lactation and that suppression of 
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LH release in the LP sows was not due to £2^3. However, it is possible that the sensitivity 
to negative feedback was increased in the LP fed sows. It has been demonstrated that 
administration of exogenous during lactation will inhibit LH release and therefore that 
LH release is sensitive to EjjS negative feedback during lactation (De Rensis et al., 1991). 
However, the concentration of achieved by exogenous administration was greater than 
would have been achieved naturally and therefore ovarian EjjS production during lactation 
does not appear to explain the suppression of LH release that was observed. 
Furthermore, the increases in LH secretion observed in the HP sows in the early 
stages of lactation, were not associated with increases in concentrations. This suggests 
that follicular development and the associated production was minimal during the 
period of lactation in which greater LH release was initiated. Britt et al. (1985) detailed 
follicular development in lactating sows and found that follicles seldom exceed 6 mm in 
diameter during lactation but weaning results in a rapid increase in the number of medium-
and large-sized follicles. It has also been observed that the distribution of follicles of 
different sizes changes as lactation progresses (Kunavongkrit, Einarsson and Settergren, 
1982; Palmer et al., 1965), which is presumably due to the level of stimulation from the 
gonadtropins (Britt et al., 1985; Foxcroft and Hunter, 1985). Therefore, it is suggested 
that a minimal amount of LH secretion is necessary to maintain a jxjpulation of follicles on 
the ovaries, but Ej/? production from those follicles during lactation will be minimal. 
Plasma ACTH concentration declined steadily as lactation progressed for sows fed 
the LP diet while ACTH concentrations remained unchanged in sows fed the HP diet 
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(Tkble 4). It was hypothesized that the nutritional stress placed on the LP fed sows 
would cause an increase in the activity of the adrenal axis, particularly release of CRF, and 
this would be linked to decreased LH secretion. Increases in CRF secretion have been 
documented in rats (Suemaru et al., 1986) and humans (Kaye et al., 1987) in response to 
chronically inadequate nutritional inputs. CRF has been shown to strongly inhibit GnRH 
and LH release in rats, and monkeys (Rivier and Vale, 1984; Ono et al., 1984; 
Nikolarakis et al., 1986; Kooy et al., 1990; Olster and Ferin, 1987) but has not been 
evaluated in pigs. However, in this study ACTH secretion was not correlated (r ranged 
from -.05 to .31, P > .10) with measures of LH secretion at any stage of lactation. 
Because centrally administered CRF (Johnson et al., 1994) and iv administered CRF 
(Minton and Parsons, 1993) leads to increased ACTH release from the pituitary in pigs, it 
was assumed in this study that increased plasma ACTH concentrations would indicate 
higher CRF concentrations in the hypothalamus. However, the tendency for ACTH to 
decline in the LP sows could be due to increased negative feedback from Cortisol at the 
pituitary level rather than due to less CRF release. Cortisol was not measured in this 
study, therefore the degree of negative feedback from Cortisol could not be estimated.. 
LH secretory activity during lactation was associated with post-weaning estrous 
activity. In sows that expressed estrus in less than 20 days after weaning there was a 
strong negative correlation between days-to-estrus and measures of LH secretion (Tkble 5). 
The strongest correlations were observed at d 10 of lactation and the strength of the 
correlations declined at later stages of lactation. This observation may be related to the of 
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the amount of LH secretion needed to maintain a healthy population of follicles which can 
be ovulated upon weaning. LH stimulation is needed for maintenance and maturation of 
follicles and if LH is absent for an extended period of time the follicles become atretic and 
are not candidates for ovulation (Britt et al., 1985). Therefore, the association between 
LH and days-to-estrus would be lost. 
Shifts in metabolism to support the priorities of a function such as lactation have 
been termed homeorhesis by Bauman and Currie (1980). Homoerhetic adaptations include 
changes in the hormonal milieu that are required for a successful lactation and include; 1) 
shifts in nutrient partitioning, 2) adaptations to the stressors (nutritional and physical), and 
3) prioritization of body functions. The magnitude of this homeorhetic drive is difficult to 
assess because knowledge of the mechanisms that regulate it are lacking. However, it 
should differ between sows receiving inadequate versus adequate nutrient intakes relative 
to their biological demand for milk production. We have previously proposed and 
estimated (Jones and Stahly, 1995) the degree of nutritionally driven homeorhesis for sows 
in this study based on their dietary lysine and ME intakes relative to their potential lysine 
and ME outputs in milk. 
In the present study, the magnitude of the nutritionally induced homoerhetic drive 
was associated with the amount of LH release that occurs during lactation (T^ble 6). 
Stronger correlations were observed between the magnitude of the dietary lysine deficiency 
and LH secretion than between ME deficiency and LH secretion. However, based on data 
presented previously (Jones and Stahly, 1995), the amino acid deficiency in this study was 
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the limiting fector for milk production. A shortage of dietary lysine relative to the needs 
for milk production in early lactation impacts LH release not only in the immediate period 
but in the following periods of lactation as well. This observation is supported by the fact 
that sows will try to maintain milk output in the face of dietary deficiencies by breaking 
down body tissue, particularly those tissue that will provide the specific nutrients needed. 
Sows fed the LP and HP diets did make adjustments to try and maintain milk production 
through the whole lactation as is evident form changes in body composition in muscle 
fractional breakdown rate at successive stages of lactation reported previously (Jones and 
Stahly, 1995). When the eflFects of ME and amino acid deficiency were examined in a 
factorial design in which the relative magnitudes of these deficiency were similar, the 
eflFects of amino acid deficiency on retum-to-estrous interval and percent return to estrus in 
swine were more pronounced than that of a ME deficiency (King, 1987; Tokach et al., 
1992). ME shortages apparently can be met in sows that possess sufiJcient stores of 
adipose tissue which represents laige of a readily mobilized energy source. However, only 
proteinaceous tissues can alleviate protein and glucose shortages and although a relatively 
large pool of labile proteinaceous tissue exist in the sows body, the rate or the amount that 
can mobilized seems to be limited (Jones and Stahly, 1995). 
Implications 
Based on these data, an inadequacy of amino acids (from diet and/or body sources) 
relative to the biological needs of the lactating sow results in reduction of LH secretion and 
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a subsequent increase in the weaning-to-estrous interval. Because nutrition has the 
potential to decrease LH release in the early stages of lactation it is implied that nutrition 
of the sow during the first 10 d of lactation is critical to overall sow productivity. 
Adequacy of amino acid nutrition in early lactation may be even more critical to 
subsequent reproductive function when sows are managed under an early weaning system. 
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Table 1. Influence of dietary regimen (D) on sow and litter traits at day 0 and day 23 
post-partum 
Dietary regimen Probability 
Item HP LP D 
Day 0 
Weight, kg 169.0 164.4 1.45 ,16 
Backfat, mm 21.7 22.5 .61 .62 
Litter size 13.0 13.0 .05 .46 
Litter weight, kg 17.4 17.8 .44 .51 
Dav 23 
Weight, kg 162.3 135.6 1.23 .01 
Backfat, mm 20.0 21.2 .56 .21 
Litter size 12.6 12.7 .07 .78 
Litter weight, kg 67.2 58.7 .84 .01 
Weaning-to-estrus, d 8.4 13.9 1.48 .03 
Weight at breeding, kg 147.0 133.4 1.08 .01 
" Pooled standard error of the mean, n=36. 
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Table 2. Influence of diet (D) and stage (S) of lactation on daily feed, CP, and ME intake 
for sows fed a high protein (HP, 1.2% lysine) or low protein (LP, .34% lysine) diet 
Period of lactation, d Probability 
Item Diet 0-5 5-10 10-15 15-20 20-23 SE" D s DxS 
Feed, kg/d HP 4.02 4.97 5.29 5.55 5.37 .12 .10 .01 .04 
LP 3.93 4.72 4.47 4.51 4.65 
Lysine, g/d HP 47.9 58.9 62.5 65.4 63.8 .83 .01 .01 .01 
LP 14.5 17.3 16.5 16.7 17.0 
ME, Mcal/d HP 13.0 16.0 17.1 17.9 17.3 .40 .10 .01 .04 
LP 12.7 15.2 14.4 14.5 15.0 
^ Pooled standard error of the mean, n=36. 
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Table 3. Influence of diet (D) and stage (S) of lactation on mean and baseline plasma LH 
concentrations and LH pulses per 6 h during a 23 d lactation in sows fed a high protein 
(HP, 1.2% lysine) or low protein (LP, .34% lysine) diet 
Day of lactation Probability 
Item Diet 0 5 10 15 20 SE^ D s DxS 
Mean LH, ng/ml'' HP .282 .154 .165+ .189" .240"* .01 .01 .01 .02 
LP .276 .139 .142 .144 .170 
Baseline LH, ng/ml'' HP .271 .150 
00 
.164* .192" .01 .01 .01 .75 
LP .250 .138 .135 .133 .152 
LH pulses/6h'' HP .556 .236 .222 .944' 1.22" .15 .01 .01 .01 
LP .833 .056 .278 .389 .483 
" Pooled standard error of the mean, n = 36. 
'' When present, a superscript t, *, **, *** designates significance of a paired r-test 
between means within a period of lactation. 
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Table 4. Influence of diet (D) and stage (S) of lactation on plasma estradiol-17j8 and ACTH 
concentrations during a 23 d lactation in sows fed a high protein (HP, 1.2% lysine) or low 
protein (LP, .34% lysine) diet 
Day of lactation Probability 
Item Diet 0 5 10 15 20 SE^ D S DxS 
Estradiol 17-/3, HP 21.23 15.40 6.42 5.56 6.37 1.67 .51 .01 .03 
pg/ml LP 26.97 10.33 6.48 8.08 6.32 
ACTH, pg/ml HP 37.64 37.00 39.73 38.54 37.63 1.82 .91 .10 .09 
LP 43.47 36.55 38.11 34.97 34.87 
Pooled standard error of the mean, n = 36.  
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Table 5. Correlation coefficients relating LH secretory parameters to the number of 
days from weaning to estrus in sows fed a high protein (HP, 1.2% lysine) or low protein 
(LP, .34% lysine) diet during lactation" 
Day of lactation for LH determination 
Item 0 5 10 15 20 
Mean LH -0.17 -0.54" -0.56" -0.33 -0.39' 
Baseline LH -0.44' -0.52' -0.62" -0.50* -0.44" 
LH pulses 0.24 -0.12 0.17 -0.17 -0.11 
For sows that returned to estrus in 20 days or less, 21 animals included, 12 HP and 9 
LP. 
" When present, a superscript t, *, *** designates significance of the correlation. 
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Table 6. Correlation coefficients relating LH secretory parameters to the magnimde of 
nutritionally imposed lactational homeorhesis in sows fed a high protein (HP, 1.2% 
lysine) or low protein (LP, .34% lysine) diet during lactatiotf 
Day of lactation for LH determination 
fenoa oi 
Type of nutrient deficit'' deficit, d*^ 5 10 15 20 
Mean LH concentration, ne/ml 
ME, Mcal/d' 0 to 5 0.28 0.08 -0.14 -0.21 
5 to 10 
- 0.01 -0.16 -0.18 
10 to 15 - - -0.13 -0.18 
15 to 20 
- - -
-0.28 
Lysine, g/d" 0 to 5 -0.10 -0.39* -0.50" -0.50" 
5 to 10 
-
-0.46" -0.50" -0.51" 
10 to 15 - - -0.49" -0.49" 
15 to 20 - - - -0.55" 
Baseline LH concentration, na/ml 
ME, Mcal/d ^ Oto5 0.27 0.00 -0.11 -0.14 
5 to 10 - -0.12 -0.10 -0.24 
10 to 15 
-
- -0.25 -0.05 
15 to 20 - - - -0.19 
Lysine, g/d" 0to5 -0.11 -0.38* -0.35* -0.37* 
5 to 10 
-
-0.45" -0.35* -0.43* 
10 to 15 - - -0.44" -0.35* 
15 to 20 - - - -0.43* 
Data from all sows (n=33) that expressed estrus included. Assumes that sows of a 
single genetic strain nursing similar numbers of pigs under the same environmental 
conditions will be stimulated to produce equal milk nutrient outputs. 
'' Magnitude of nutrient deficit was estimated by the difference between potential nutrient 
output in milk and dietary nutrient intake. Potential milk nutrient output was assumed to 
be the maximum achieved by the top 20 percent of sows in the study. See Jones and Stahly 
(1995). 
ME and lysine units output in milk minus dietary ME and lysine units. ME and lysine 
output in milk adjusted to dietar>' equivalents. See Jones and Stahly (1995). 
When present, a superscript *, or **, designates probability of P < .05 and P < .01 
respectively. 
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Figure 1. Distribution of estrous activity for sows fed a high protein (HP, 1.2% lysine) or 
low protein (LP, .34% lysine) diet during lactation. Treatment x period interaction was 
significant (P< .01) (pooled SE = 4.8). Table above figure shows the cumulative 
percentage of sows in estrus during the periods shown on the x-axis. 
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CHAPTER 5. GENERAL SUMMARY 
Two experiments were conducted to determine the impact of dietary amino acid 
regimen during lactation on sow lactation performance and subsequent reproductive 
function. 
In experiment 1, the impact of amino acid nutrition during lactation on milk 
nutrient output and body tissue loss in primiparous sows was evaluated. Thirty-six 
Landrace x Yorkshire sows nursing litters standardized at 13 pigs by 8 h postparmm were 
fed a corn-soybean meal diet containing either high protein (HP, 1.20% lysine) or low 
protein (LP, .34% lysine) content during a 23-day lactation. At time of breeding, gilts 
averaged 130 ± 1.7 kg BW and 21.9 ± .8 mm average backfat while at 110 d of 
gestation gilts averaged 170 ± 1.4 kg BW and 20 ± .7 mm backfat. Sow BW, backfat 
thickness, and litter weight (after pig transfers) were not different (P > .10) at d 0 of 
lactation. Litter size averaged 12.7 pigs on d 23 and was not different (P > . 10) between 
LP and HP sows. During the 23-d lactation, daily dietary intake of ME, and lysine were 
less (P < .01) for sows fed the LP versus the HP diet. The concentration of dry matter 
(DM), crude protein (CP), and gross energy (GE) in milk was less (P < .05) in the LP 
versus HP sows. Daily litter weight gain also was less (P < .002) for sows fed the LP 
versus the HP diet and the magnimde of the differences in litter weight gain increased (P 
< .01) as lactation progressed. The lower litter weight gain for the LP sows was 
reflective of lower (P < .002) estimated total output of milk DM, CP, and GE of these 
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sows. Daily sow weight loss during lactation was -1.24 and -.30 kg for the LP and HP 
sows, respectively. Composition of sow weight loss in the LP fed sows was largely 
protein and the associated water and ash content of lean tissue. Weight loss in the HP 
sows was entirely accounted for by body fat loss in that these sows acnjally gained body 
protein and the associated water and ash. Muscle myofibrillar fractional breakdown rate 
was higher (P < .001) in the LP sows than the HP sows (4.05 versus 2.80 %/d, 
respectively). Based on these data dietary amino acid restriction during lactation reduces 
milk nutrient output and increases maternal body tissue mobilization. Maternal protein 
loss consists of both muscle protein and other body protein. Furthermore, sows will 
continue to mobilize maternal body protein throughout lactation even though the nutrients 
mobilized are not sufficient to maintain maximum milk nutrient output. 
In experiment 2, the impact of dietary amino acid regimen of primiparous sows 
nursing large litters on LH secretion and subsequent return to estrus was evaluated. 
Thirty-six Landrace x Yorkshire sows nursing litters standardized at 13 pigs by 8 h 
postpartum were fed a com-soybean meal diet containing either a high protein (HP, 1.20% 
lysine) or a low protein (LP, .34% lysine) content during a 23-day lactation. Amino acid 
concentrations were altered by changing the ratio of com and soybean meal. Plasma 
samples to evaluate LH secretion were collected at 15 min intervals over 6 h periods on d 
0, 5, 10, 15, and 20 of lactation. Plasma estradiol-17)3 and ACTH were evaluated once 
and hourly during the 6 h LH periods, respectively. After weaning sows were checked for 
estms daily for up to 45 d. Sows fed the LP diet weighed less (P< .05) and had lighter 
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(P< .05) litters at weaning. Mean LH concentrations and pulses/6-h were dependent on 
dietary regimen and stage of lactation. Mean and baseline LH concentrations and LH 
pulses/6 h were lower (P < .01) in LP fed sows. The magnitude of the differences in 
mean LH concentration and LH pulses between LP and HP sows increased (P < .05) as 
lactation progressed. Divergence of LH secretory patterns between the sows fed the LP 
versus HP diets was established by d 10 of lactation. Plasma concentration of estradiol 
and ACT was not effected by dietary treatment. Weaning-to-estrus interval was extended 
(P< .05) by dietary treatment (LP, 14.0 d versus HP, 6.2 d). The time to the peak of the 
distribution for sows to return to estrus post-weaning was delayed (P< .01) 5 d by feeding 
the LP diet. Mean LH concentrations on d 5 and 10 were negatively correlated (r = -.54 
and -.56, respectively, P < .01) with the length of the weaning-to-estrus interval. Mean 
LH concentration on d 10 was negatively (P < .05) correlated with the magnitude of the 
lysine deficiencies relative to the biological demand for milk synthesis on d 0 to 5 and d 5 
to 10 {r = -.39, -.49, respectively). Based on these data, inadequate dietary amino acids 
during early lactation results in lower LH secretion by d 10 post-partum, which is 
associated with increased days-to-estrus. 
Feeding a dietary amino acid regimen to lactating sows that does not meet their 
needs for milk synthesis is detrimental to both milk production and reproductive function. 
Sows fed inadequate amounts of dietary amino acids will mobilize maternal body tissue 
protein and have increases in weaning-to-estrus interval. The overall implication of 
feeding diets that do not meet the amino acid needs for lactation is an increase in non­
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productive sow days due to the extended weaning-to-estrus interval. In the swine industry, 
achieving high sow milk production, and thus high rates of litter weight gain, while 
keeping non-productive sow days to a minimum is a major factor in the overall 
productivity and profitability of the breeding herd. 
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APPENDIX A. REPRESENTATIVE ANOVA TABLES 
Table A1. Analysis of variance to test main effect of diet 
Source of variation df 
Trial 5 
Rep{trial)'' 12 
Diet 1 
Trial x Diet'' 5 
Diet X Rep(Trial) 12 
Error term used to test trial effects. 
'' Error term used to test diet effects. 
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Table A2. Analysis of variance for the repeated measure model 
Source of variation df 
Trial 5 
Rep(trial)'' 12 
Diet 1 
Trial x Diet'' 5 
Diet X Rep(Trial) 12 
Stage"" 4 
Stage X Diet 4 
Stage X Diet x Rep(Trial)'' 48 
Error term used to test trial effects. 
'' Error term used to test diet effects. 
" Stage of lactation (0 to 5 d, 5 to 10 d, 10 to 15 d, 15 to 20 d, and 20 to 23 d postpartum). 
'' Error term used to test Stage and Stage x Diet interaction effects. 
